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PREFACE 



ABOUT ENERGY TECHNOLOGY MODULES 

** • 
The module* were developed by CORO for use in two-year postsecondary technical institutions 
'to prepare technicians for .employment and are useful in industry for updating employees in company- 
sponsored training programs. The principles, techniques, and skills taught in the modules, based 
on tasks that energy technicians perform, were obtained from a nationwide advisory committee of 
employers of energy technicians. Each module was written by a technician expert and approved by 
representatives from industry. -\ 

A module contains the following elements: 

4 

Introduction, which identifies the topic and often includes a rationale for studying the material 
. i — — 

Prerequisites , which identify the material a. student should be familiar with before studying the 
modulel • « 

* Qbjectives >. which* clearly identify what the student is expected to know for satisfactory module 
completion. The objectives, stated in terms of action-oriented benaviors^, include such action 
words as operate, measure, calculate, identify, and define, rather than^words with many interpre- 
tations such as know, understand, learn, and appreciate. 

f 

Subject Matter , which presents the background theory and techniques supportive to. the objectives 
of the module. Subject matter is written with the technicaTstudent in mind. 

Exercises , which provide practical problems to which the student can apply this new knowledge. ^ 

Laboratory Materials , which identify the equipment required to complete the laboratory procedure. 

Laboratory Procedures , which is the experiment section, or "hands-on" portion, of the module 
(including step-by-step tnstruction) designed tp reinforce student learning. 

Data Tables , which are included in most modules for the first year, (or basic) courses to help 
the student learn how to coftect and organize data. 

References , which are included as suggestions for supplementary reading/viewing for the student. 
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INTRODUCTION 



An electromechanical energy conversion device is a link between an elec- 
trical system and a mechanical system. By appropriately coupling the .-two 
systems, t'he device transfers_energy .-from one system to the other. An elec- 
tric generator converts mechanical input energy to electrical output energy; 
an electric motor converts electrical input energy to mechanical output energy. 
The coupling of the electrical and mechanical ^systems is achieved through mag- 
netic fields. Current flow' through an electrical conductor in -a magnetic 
field produces -the mechanical force that turns a motor. In a generator, an 
electrical potential is produced across a conductor by applying, a mechanical 
' force-to move it through a magnetic f i el.d. ■ 

This module introduces the conversion of energy by electromechanical 

V 

devices ajid includes-.a discussion on the magnetic forces and fiekls that are 
the bases of operation of such devices. Topics discussed include origin and 
characteristics of magnetic forces and fields,, electromagnets, and basic prln- 
- ciples of motors and generators. In the laboratory, the ;student will examine 
the characteristics" of the magnetic fields of permanent magnets and electro- , 
magnets, . 

. • ■ V/ • •" • ' , 
, PREREQUISITES 

The- student-should have completed a course in d.c. and a.c. circuit 
analyses. . * 



OBJECTIVES 



/ ^ 

U^i completion of this module, the student should be able to: 

1. State two rules of" magnetic attraction and rep,u]sion. , 

2. Explain the concepts of magnetic- 1 ine's of force and of magnetic fields. . 

3. Draw diagrams showing the v magnetic field lines of- the following: 

a. Field of a bar magnet . * 

b. * Field between the* north pole of one magnet and the south pole of 

another. ' '* J 
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c. Field between tjije north roI es of two magnets 

d/ Field abound a long, straight* current-carrying conductor 

e. Field of a current-carrying conductor loop * 

f . Field* of a solenoid 

4. -Explain the concept^of magnetic domains in magnetic materials and how* 
this concept accounts for each of the following: 

a.. Permanent magnets 
^ b. Magnetic induction \ 

5. List the four factors affecting the magnetic 'strengtffof an electromagnet 
and explain how variations in each affect the magnetic Tield. 

6. Explain hysteresis. 

7. Draw and label a diagram c showing f!he resulting magnetic field lines and 
force when an electron travels in a direction into the- page through a 
vertical magnetic field. 

8. Use the right-hand rule to determine the following: 

a. The direction of the force on the electrons in a conductor forced 
tO'move through, a magnetic field 

b. The direction of the force on a current-carrying conductor in a 
magnetic field - ^> \ 

9. Given a diagram of a loop of wire rotating in a magnetic field, determine 
the di recti on*o.f loop rotation. • 
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SUBJECT MATTER 



MAGNETIC FORCES' AND FT E LPS 
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* LIKE POLES REPEL. 



UNLIKE P0LE3 ATTRACT. 



The/operation of- all el ectrojnechanical devices is based on the forces of 9 
attraction^and repulsion that exist between two magnetic fields. These forces 
can be demonstrated by sus- 
pending two magnets from 
strings, as shown in Figure 
1. If the magnets are posi- — 
tioned so the north poles of 
each are near one another 
(Figure la)„ the magnets 
wil,l repel . The same is 
true if the two south poles 

are brought together. If the north pole of one magnet is placed near the 
south pole of the other (Figure lb), the magnets will attract. Therefore, 

,/tlje basic rules, of direction of magnetic* force are as follows: 
- • Like poles repel * 

* * Unlike poles attract. 

The, magnitude of the magnetic force is given mathematically by. the fol- 



Figure 1. Demonstrations of the Firs<t 
Two Laws of Magnetism. 



lowing equation: 



\ 
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Equation 1 



.VI 



where: F = Magnetic force. 

Mi f Strength of first magnet. 
* ± strength of second magnet. . 

d = Di stance between magnets. 
^ }T= Permeability of material between magnets. > ^ 

* The magnetic force can be increased by increasing the strength of either 
magnet or_i>y_ bringing the magnets closer together. The magnetic permeability" 
of a material is the property that permits easy conduction of magnetic lines 
of force through the materia^. Iron, for example, will conduct magnetic force 
"lines much better than air. ' . 

The concept of % a mcTgne^tic line of force is iljustrated in Figure 2. The 
direction of the magnetic force at any point is defined as^'the direction of 
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Figure 2. Magnetic Lines af Force* 



the fbree on a' tiny north pole placed^ 
at .that point. 11 (This ts indicated by 
the sol id^ arrow in Figure 2.) Although- 
it is not possible to haye a north pole 
without' a south pole, Jthe south pole* is 
ignored ^for the purpose of o defining the 
direction of the^magnetic field. A 
magnetic line of force is a line that would 'be followed by the tiny north pole 
if it were free to move. Magnetic lines of force are shown as dotted Ifnes 
in Figure 2* The direction of the line of force at any point in space is the 
same as the direction of the magnetic force on a north pole placed at that ^ 
% point. Thus, magnetic lines of force are^always directed away *from north 
poles' and tow.ard south poles. ' 

Figure 3 shows some of the magnetic 11 ne$ of force of a bar magnet. The 
pattern ^formed, by these Tines is called "the magnetic field of the magnet"; 

it indicates both the direction, and the 
strength of the magnetic force on a small 
north pole located "in the vicinity of the i 



\ magnet., The strength of the field at any 
point is indicated by the density of field 
- lines neafr that point. 

' fc The magnetic lines do not actually 
' begin at the north pole arid end^at the 
south pole\ They 'are .really closed loops 
that extend through the magnet, as indicated by the dottedjines in Figure 3. 

Figure 4a shows the magnetic field that results when the north pole of * 
one magnet- is placed near the south pole-of another.^ Tfgtjre 4b i-s the'.field 
of two north poles placed close together. The field produced by two south 

poles would, have the 
same distribution of 
: ield lines but'would* 
be directed in the . 
Opposite di rection. 





Figure 3. Magnetic Field of 
a Bar Magnet. 
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«l- NORTH POLE PLACED 
NEAR SOUTH POLE 



tx NORTH POLE PLACED 
NEAR NORTH POLE * 



Figure 4. Magnetic Fields of Two Magnets. 
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The rrames of the magnetic poles were derived from the early use of -mag- 
netized needles as compasses. In these compasses, the end of the needle that 
pointed north w,aS* naturally called the/'Wrtk pole," or the "north-seeking - 
pole." /The end that pointed soutft was the "south pole." However, sirfce like 
poles repel and unlike poles attract, the "north" pole of the compass must 
point toward a "south" magnetic pole. Figure 5 illustrates the earth's mag- 
netic field and shows that the magnetic pole located i'n the position called 
"north" is actually a "south" o magnetic*pole. ■ „ • ' 



JL % | — MAGNETIC 'NORTH HAS 
\^ | SpUTH MAGNETIC POLARITY 

' - — " ' "V, 

N 




/ 1 \ ---^ 

MAGjNETJC SOUTH HAS / Jk N v 
NORTH . MAGNETIC POCAWTV— ' 3 ^ 



MAGNETIC FIELD 
3UF»OUNO<NG > THE 
EARTH , 



Figure 5. The Earth's Magnetic Field, 



THE ORIGIN OF MAGNETISM 

A magnetic field' ijs produced by a moving electrical charge. A moving 
charge- is .the only thing that/can produce a magnetic field and the-oijly thing 
hat can be\ffected by one. ' * f 

Figure 6 shows an electron moving to N the right in a straight line and 
th^ magnetic fiekl it produces. The direction- of >the field is in atdrcle 
around the electron. The direction can be determined by grasping the electron 
in t\e left hand with the thqmb extended in the direction of motion.. The fin- 
gers of the left hand -wilt then cur.l in the. direction of the magnetic field. > 
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Figure 1 ^. Magnetic Field 
of a Moving Electron.. 




ELECTRON 
ORBITAL 



AXIS Of ORBIT 



Figure 7.' Magnetic Field of 
. Orbiting Electron, 




v Figure 8. Magnetic 
Field of Spinning 
Electron. 




This field is a closed loop and has no poles. 

The strength of the fi^ld produced depends upon 

the magnitude of the moving charge and the^speed 

at which it travels. Stationary charges do' not 

produce magnetic fields. 

Magnetic fields product poles*only when the 

charge producing the' field moves along a closed 

loop. Figure 7 shows the magnetic field produced 

» « 

by an electron as it orbits around the nucleus 
of an atom. The field along *the axis of the 
orbit is the strongest and always ^points in 
the same direction," 

Electrons can also .spin about their own 
axis, producing a magnetic field, as shown In 
; Figure 8, This magnetic field also exhibits 
a north pole and a south pole. Spinning pro- 
tons in the atomic nucleus have similar.ma^^ 
netic fields, 
^An atom consists of sp-inqing electrons that orbit 
around a nucleus containing spinning protons. Thus, 
every atom contains several magnetic fields. The total 
of all "these fields is the magnetic field of the atom. 
The magnetic fiejlds of most atoms are small, but, in 
ferromagnetic materials, the individual magnetic fields 
within each atom align to. produce a strong magnetic 

« . - field. Each atom is a tiny magnet, % 

The magnetic field of each atom .tends 
to align itself with its neighbors to form 
magnetic domains., as shown in Figure 9. 
Each domain consists of large numbers of 
atoms with tfhei r> magnetic fields pointing 
in the same direction. Magnetic materials 
contain many small domains. About ten 
million magnetic domains are contained in 



NX 



Figure 9. Magnetic Domains in a 
Ferromagnetic Material, 



a cubic centimeter of iron. Each domain 1 can be thought of as a small magnet . 
w^hin the material . 4 . ^ 

Fiqure 10a shows the orientation of the domain magnets .in ah jjnmagnetized 
material. The m^netic fields of the randomly orientfed magnetic domains can- 
cel; therefore r\the materiar^xhib^ net magnetic field." , In Figure 10b, 
the domain ma'gnets have been aligne^ to form the net magnetic field of a per- 
manent magnet. 



disorder: no alignment 



NATURAL ALIGNMENT 



• O (pi IDD 

IS Nl IS Nl |S Nl 
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a. UN MAGNETIZED SUBSTANCE 
JNO MAGNETIC * FIELD) 



b. PERMANENT MAGNET 

{STRONG MAGNETIC FIELD) 




Figure '10. Magnetic Domains in Materials. . 

The domain theory of magnetism also explains how a magnet can attr^t 
a piece of ferromagnetic material that is not magnetized. Figure 11a s 
the alignment of "the domain magnets with an externally-produced magnetic 
field. This occurs any time the material is subjected to a strong magnetic 
field. The magnet in Figure lib attracts the nail because its field has in- 
duced a magnetic field in the nail. This process is called "magnetic induc- 
tion." 



ARTIFICIALLY 
PRODUCED ALIGNMENT^ 
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a. MAGNETIC SUBSTANCE 
(STRONG MAGNETIC FIELD) 




FIELD 
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HAL // 

/ /b.A NAH. IS ATTRACTED 
/ / TO A MAGNET 

' / V • ^BECAUSE A FIELD 
/ / ' OF THE SAME POLARITY » 
II « INDUCED IN. THE NAIL 

// 



Figure 11. Magnetic Induction. 
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\ • When the bar magnet is removed, many of the magnetic domains i-n the iron 
na4 Jjwi1j ^ return to a random orientation, and the magnetic field of the nail 
will decrease greatly^ The alignment of a few of the domains will be per- ■ 
manently changed to the direction of the applied field./ This is called 
"residual magnetism" and will resul-t in a small magnetic field in the nail 
even ..after the bar magnet is removed. > 

. However, this residual field can be removed in the ^foU owing ways: If 
the magnetized nail isyheated, the increased molecular motion will return all 
the domain^ to*a random orientation or if the na-il is subjected to a strong 
mechanical shock, such as being dropped on a hard surface, the mechanical 
energy will produce a random orientation of the magnetic domains. 'Thus, per- 
manent magnets should be protected from both high temperature and mechanical 

shocks. ^ ^/ 

The residual field can also be removed byapplying a magnetic field in 
the opposite direction of the field originally induced in the material. Fig- 
ure 12 shows how the magnetic field in a material varies as the applied mag- 
netic field is changed. Vertical distance represents the strength and direc- 
tion of the externally-applied field; hori- 



-6; 



* £ 



L- r£3»ual ^ ^ys jATU RATicw zontal distance represents the strength and 

t= MAGNETISM ^ j , 4 

E3 direction of the field inside the material'. 
— I • t i 

=j At point A* the magnetic field in the • 



■ 



material and the applied field are both 



saturation field us** zero. At point B, an external field has 

material — >■ applied, and the internal field has 

Figure 12. Hysteresis loop " increased to the maximum possible value for 
of a Magnetic Material, ^ the value of the applied field. This is. 

called the "saturation point." At poiqt^C, 
the applied field has been returned to zero, but, because of ''residual magne- 
tism, the internal field has a nonzero value in the direction of the original 
applied fielfl. At point D, an external field has been applied in the opposite 
direction to return the int^rficsl field to zero. At point E,-a greater applied 
field has feversed the direction Yf the internal field. Another reversal of 
the external 'field will return thej.internal field to point B along the path 
containing points F and 6. / . 
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This closed loop is called the '/hysteresis loop" of the material. The 
.area enclosed by the loop-represents the energy necessary to change the direc 
tions of the magnetic domains in the material* This energy appears in the 
material as heat* Hysteresis losses are an important consideration in alter- 
nating magnetic systems. The materials in such systems are chosen to reduce 
hysteresis losses. 

' MAGNETIC F1ELVS OF ELECTRIC CURRENTS 

— Magnetic fields are, always the result of moving electrical charges. 

o Figure 6 showed the field produced by a single charged particle in motion. w 
Figure 13 illustrates the s.imilar fields produced, by a current flowing in a. 
wire. The magnetic field of a current-carrying .conductor is the sum of the 
individual fields of all the charges moving through the conductor. The direc 
tion of the field can be determined by grasping the conductor with the left 
hand with the thumb extended in the direction of electron flow. The fingers 
will then curve in the direction of the circular field. 



WIRE 



CURRENT UP 
CLOCKWISE FIELD 




CAROBOARO 



PLACE A SMALL 
COMPASS ON 
THE CARDBOARD 




WIRE 



CURRENT DOWNWARD 
COUNTERCLOCKWISE FIELD 



Figure 13. Magnetic Fields Produced by Current 
/Flowing in a Wire. 



MAGNETIC FIELDS 



Figure 14 'shows ..artbther view of the magnetic field of current-carrying 

conductors. The do't represents the tip of an arrow emerging from' the "page 

— ^ _ — ^ < >, 

to indicate current out of the page* 
The cross represents the feathered 
,end of an arrow entering 'the page to 
indicate a current entering the page: 

The magnetie field produced by 
a, long, straight conductor is a cir- 
cular field around that conductor and , 





CURRENT FLOWS 
m 



OUT 



CURRENT FLOWS 
IN 



Figure 14. Magnetic Field° of 
Current-Carrying Conductors. 
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has maximum strength near the conductor. Like the field of a single moving 
charge, it has no identifiable poles. 

Figure 15 shows what happens if two straight conductors are brought 
close to one another. If the di rect\o_n^oX-th.a currents-i-s-the- same- (-Figure' 





,t. CURRENT? IN SAVE 
DJflECTION (FIELD ATTRACT) 



b. CURRENTS IN OPPOSITE 
DIRECTIONS (FIELD REPEJU 



Figure 15. Attractive or Repulsive Forces 
* - • ' Between Magnetic Fields. 




~T5a) , the magnetic fields merge to fornf a single field surrounding both con- 
ductors, and the moving 
charges in the conductors 
are "attracted toward one 
^anothef. If the currents 
flow in opposite directions 
(Figure 15b), the two fields 
oppose one another between 
the wires, and the moving 
charges in the conductors 
repel one another. These magnetic forces of at- 
traction and repulsion between current-carrying" 
conductors are the bases of all electromechanical 
energy converters. 

Figure 7 illustrated how an electron moving- 
in a circular* orbit pirodaces the magnetic poles* of 
an atom. Figure 16 illustrates the same principle 9 
applied to a loop of wire* Magnetic pole^s are 

created only when electrical charges move 
around clos'ed loops. * 

."Several loops of V/ire can be wound 
.cloSe together to form a coil. Figure ^17 
shows current flow and magnetic fields in 
a coil. The individual magnetic fields 
of all the loops of wire add to produce 
a much stronger field. 

When the coil is wound 'around a 
cylinder of magnetic material, Galled a 
"core," an elj&etfoiifegnet is formed. Figure 18 shows such an electromagnet. 
The magnetic field of the coil induces a field in the core. The two fields 
added together produce a total field that has far greater strength than that 

i • 



Figure T5; Magnetic 
Field of a Current- 
Carrying Loop. 




Figure 17* Current Flow and 
Magnetic Fields in a Coil. 
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Figure 18, 



of the coil alone. The strength of an . 
^electromagnet is dependent upon the _ 
following factors: 

• Number of turns of wire in the 
coi 1 

• Corrent flowing through the coil 
• • Kind of core material 

i 

• Ratio of coil length to its diameter 

The field intensity of a coil will renriain uniform throughout -the cross 
sectibn of the coil if the- length of the coil is 10 times or more greater than 
the coil diameter. 

A solenoid 'is formed if the coil of an electromagnet is wound- on a hollow 
form and the cordis free to slide within' the form. Figure 19 illustrates the 
operation of f such a solenoid. The core is initialljj^t-pest with only one end 



An Electromagnet, 




^ N \ 

CORH 




J ij SPRING ^ 



MAGNETIC FIELD 



fu 



% rS—2?~' MAQN«T1<? FIELD 



Figure 19. Operation of a Solenoid. 

inside the coil. When a current is established in the coil, a magnetic field 
appears within the core. The end of the core inside the coil is in a muctv 
more inttfise magnetic field than the end outside'the coil; therefore, the mag- 
netic forces on it are the-greatest. Thus, the magnetic field starts to suck 
the core -into the coil (Figure 19a). The core will be forced to 'the center ^ 
of , the coil so that the length of the magnetic 1 i ne£j>efween the poles of the 
.coil is at a minimum (Figure 19b). When the current is turned off, a spring 
returns the core to its original position. 

The' solenoid is a cotfimon method of converting electrical energy tp elec- 
tromagnetism a'nd' then to. mechanical movement. A rod attached to the core can. 
be linked to levers, gears, or switches to perform a variety of operations. 



if 
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Such a device is used in automobiles to move the pinion gear on the starter 
to mesh' with the flywheel gear. Electrical rel,ays consist of a solenoid that 
operates a switch or a series of switches. 



FORCES ON CHARGED PARTICLES MOVING THROUGH MGf^ETK FIELDS 

Figure 20a shows the magnetic field of, an electron moving into the page. 
The direction of this field can be verified by grasping the electron in the 
left hand with the thumb of that,hand extended in' the 'direction of electron 
motion (into page). The fingers will curl m the counterclockwise direction 
of the magnetic field. • 




v 



FORCE 
ON 

ELECTRON 




a. MAGNETIC FIELD OF ELECTRON 
MOVING INTO PAGE 



b. MAGNETIC FIELD OF 'ELECTRON 
MOVING INTO PAGE IN A 
VERTICAL MAGNETIC FIELD 



' Figure 20. Magnetid^Force on^ an Electron 
y ! Moving Through a 'Magnetic Field. 

i . 1 : 

Figure 20b shows the same electron moving into the page through a verti- 
cal magnetic field with an upward direction/ 

On the right si\ie of the electron, the external field 1 and the field of 
th£ electron add to produce a stronger field. On the left side, the two 
fields are in different directions and add to produce a weakened field. The 
electron field is strongest^near the electron to give a net downward field. 
At great distances, the external field is stronger to give * net upward field 
At some point- between, the two fields add to zero. 

The electron experiences a magnetic force in the direction of the. weak- > 
ened £oint in the magnetic field and -away from the strongest^point of the 
field. The direction of this force is always perpendicular to both the^direc 
tion of motion of the electron and the applied magnetic field. As in ^11 
cases, the magnetic (forces- arise because the magnetic field lines always "con 
tract" to produce the shortest possible closed path. 
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The direction of the force on an electron moving through a magnetic 
field is* given by the ri'ght-hand rule illustrated in Figure 21. The thumb', 
forefinger, and middle finger of the right hand are held at right angles to 



\ 



FOREFINGER 
(FIELD) 



MIDDLE FINGER 
(MOVEMENT) 




THUMB 

(THRUST-FORCE 
ON ELECTRON) 



- *■ Figure 21.* T\\e Right-Hand RuJe. 

one another. The««Forefinger points in the direction of the Field. The Middle 
finger points in the direction of Movement of the 'electron. The Thumb points 
in the di recti'on. of the Thrust (the magnetic force on the electron). The 
ffrrces described by the right-hand rule are responsible for directing the 
electron beam in a television picture tube to the proper potnt on the 'screen 
and are the bases of all electric motors and generators. ' • 

* . • GENERATOR ACTION 

Figure 22 shows how the magnetic forces on moving electrons produce 
voltage in jm electric generator. In Figure* 21a, an electrical conductor' 
moves upward through a magnetic field directed to'the right. An -application 
of the right-hand rule reveals that the electrons in the conductor experience 
magnetic forces directed along the conductor from end A toward end B. Elec- 
trons that" are free to move within the conductor flow away from A toward B. 
The result is an induced voltage across the conductor with A positive and B 
negative. 1 
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Figure 22, Generator Action. 

• : >y I - • 

In Figure 22b, the direction of motion of the conductor has been changed 
to a downward motion. This also .reverses the -force on tn^electrofis, produc- » 
ing a positive electrical potential at frand.a negative potential at A. 

In Figure 22c, the conductor moves in the direction of the external mag- • 
netrc field. In this case, the magnetic field lines of the moving electrons 
spiral around the .external field Jines but do not oppose the field. The oet 
result ;is as follows: no force on the electrons and no induced voltage. 

In Figure 22d, the conductor moves at an angle to the magnetic field. 4 " 
In this case, the Gcmponent of the motion along the field lines makes no con- 
tribution to the induced voltage.- Only the component of the motion perpendic- 
ular "to the external magnetic field .induces a voltage in the conductor. The 
voltage across the conductor -depends upon the* following -factors: 
• Strength of the ^magnetic field 
■ '• Length of the conductor . /',*'' 
•♦Speed at which the, conductor moves through ttye field 

'* Angle between the conductor motion and the field direction 

t 

. -The~ap{rl-tCct1rion of magnetic forceps to convert mechanical energy to etac*- 
trical energy in a d.c," generator is illustrated in Figure 23, The generator 
in this diagram consists of a single square loc^p of wire that rotates in a 
fixed magnetic field* Each end of the wfre lc>op is connected to one-half of 
a split-ring conductor," Brushes resting orTthe split ring. connect the rotat- 
ing loop to an external electric circuit. The split ring and brush arrange- * 
ment is called a> "commutator/ 1 
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In Figure 23a, the coil . is 

just rotating past the vertical 

position. Jdjre segment A is 

moving to the, left, and wire . 

segment B is moving to the ri<jtit. 

* i 

At this instant, both conductor 

»► 

segments are moving in the direc-/ 

tion of the applied magnetic 

field. This produces no forces 

on their electrons', and the 

voltage across the loop is zero* 

In Figure 23b, the rotation 

♦ 

has continued. Wire segment B 
now has a. downward .component in 
its velocity Applying the 
right-hand rule shows dT force' ■ 
on the electrons in that conduc- 
tor in the direction indicated. 
Wire* segment "A is movingUpward, 
causing a for,ce on its electrons 
in the opposite direction/ The 
voltages of the two" segment's^ add- 
in series to produce the genera- 
tor output voltage. Wire' segment 
C also moves through- the magnetic 
field, but the forces induced on 




Figure 23'. Operation of a 
d.c. Generator. . 



its, eledfefOT^rwe across the wire - 

not along it. Thus, it makes no r cont^^ voltage. < 

In Fi^ure <23c, the coil has continued i ts r<5tatioa\to be in a plane qprv- 
taining lines of magnetic force. At this point, the velocities of moving 
sesments ,A and B are both perpendicular to the magpetic fiel\directioo. This 
^produces- the maximum output voltercje. 

• In Figure 23d, rotation bas continued, an3 the output voltage has dropped. 
When the coil reaches the verticaT position again, as in Figure 23a, .each 
^brusfci will slip to the other segment of the split ring, and the process will 



be repeated. 
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The output waveform, of tfes ViTnple d.c. generator is shpwn in. Figured. 
The points labeled*^, b, e, # ancK d correspond to the lettered drawing's, in Fig-, 
x • ure 23. - The output voltage, of the generator can be in-' 
creased, by increasing the strength of the magnetic .field, 
the rotational rate, or the number of loops of wire used. 

Figure 25a shows a further improvement in generator 
design/; This generator usfes two coils of wife at right 
angles^ Each'is connected through the commutator to *the 
output termini s of the generator only for" that portion * 
'of th#-rotation that produces t^he maximum vpltage. When 
the voltage begin* to .drop, that coil is removed from the circuit and replaced 
by the other coil in\h>*efj the' voltage is rising. Most electric motars arid 
generators have multiple, poles. 




' Figure 24, Output ' 
of a d.c, Generator. 



N *-S T 



BRUSH 




•.ARMATURE 



TIME 
b. OUTPUT 



Figure 2?5. Generator with Four-Pole Armature. 



. Figure 26 shows the sJip rings and output waveform of an a.c. electric - . 
generator, which is also called an. "al ternator" because it pro^ces alternS^ 
ing current. In this case, each end of the rotefting cbj 1 remains attached to 
the same output terminal. Since the direction of current flow Uythe coil 1 
changes twice for each revolution of the coil,^the outpu^jy^fent and voltage 
also change in direction. * t ' * 





a. SUP RJNQ 



TIME 

b. OUTPUT WAVEFORM 



figure 26. ."An-a.c. Generator. 
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The, magnetic, fi elds for generators and alternators are usually provided" 
by d.c. electric current flowing through coils of wire. In'd.c. generators, 
the fieTcf coils are stationary, and the armature rotates i its i de the coi.ls to 
produce the output voltage. In alternators, the magnetic field is rotated to 
create a current in stationary coils surrounding it. This is done because 
the current necessary to produce the magnetic field is small compared to the 
output current of the alternator. This smaller current passes through the * 
brushes to establish the magnetic field while the larger output current of. 
'the stationary coils is connected directly to the output terminals. This 
arrangement reducis losses and increases brush life. All commercially-dis- 
tributed electricaTpower produced in the-Un^Ked States is converted from <V 
' mechanical rotational power by large alternators. 



' b\QTQK ACTION 

An electric generator converts mechanical energy to electrical energy. 
An e'lectric motQr does the reverse; it converts electrical energy to mechani 
cal .energy. * * § j 

Figure 27 illustrates the forces on a current-carrying conductor' in a 
magnetic field. Applying the right-hand rulje to the electrons in the w.ire 



DIRECTION OF CURRENT 
FLOW (MOTION) - 



- DIRECTION OF 
FORCE ON 




j. UPWARD MAGNETIC FORCE 
ON ELECTRONS 



b. REVERSING OIRECTtON OF 
CURRENT REVERSES DIRECTION 
OF FORCE^ 




c. CURRENT FLOWING ALONG CONOUCTOR 
IN SAME OMECTION AS MAGNETIC FIELD 



Figure 27. Forcesjon a --Current-Carrying 
. Conductor«'in «a Magnetic Field. 
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in Figure 27a' reveals an upward magnetic force on the electrons. Since these 
electrons cannot escape from the wire, they -move upward and take the wire 

with them. . ■" 

* In Figure 27b, reversing the direction of the current in the conductor 
has reyersed the direction of the force on th^ wire. Figure 27c sJjBws current 
flowing along a conductor in the same direction cts the magnetic field. In* 

- this' case, there is no components 
electron motion across th^field lines, 
and no forces 'are produced. 

Figure 28 shows the application 
of these principles to the conversion 
of electrical energy to mechanical 
energy in a d.c. electric "motor. 'This 
is exactly the same device €hat acted 
as a d.c. generator in Figure 23. 

In Figure 28a, a current flows 
through a loop of wire in?a magnetic 
field. The current produces an upward 
force on wire segment A and a downward 
force on wire segment B". \TKese farces 
act together to produce' a torque that 
rotates the coil within the field. 
The force prodded o'n wire segment C 
is along the axis of rotation of the 
motor and makes no contribution to the 
motor output .torque. ' 

In Figure 28b, the coil has ro- 
tated to lie in a planfe parallel to the 
direction of the magnetic field. The 
forces on A and B remain the same, but', 
in this case, these forces act#at a 
maximum distance from the axis of ro*v, 
tation to produce maximum motor torque. 
The coil continues to rotate 4 through 
the position shown. in Figure 28c with 




Figured. Operation of a 
d.c. Electric Motor. 
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decreasing torqtle Until it- reaches a vertical position where the torque is 

zero. At this point; £acti of " the brushes slips to the other segment of the 

s^lit ring, and the direction of the current and resul ting*forces reverses, 

ds shown in Figure 28d. The monfentum of .the rotating Coil takes it past the* 

vertical zero torque position to that shown in Figure 28e. At this'point, 

the downward fores on segment A and the upward force on segment B provide the 

torque to* continue! the .rotation. - 

Figure 29 -shows the output torque of thi.s motor as a function of time. 

The points on this lcufve/Jdentified ,by letters, correspond td the lettered 
f L * * • * * 

portions of Figure E8. /This curve has the same shape as the electrical output 
of a- d.c. generator! .as shown in Figure 24. Just as 



generators pro\ft"de < 



uniform torque. As 
are usual ly provided 



more constant voltage by using 



multiple poles/ mul lii pi e-pol e motors provft 



in generators, the magnetic fields, 
by current-carrying coils rather 



than permanent* magnets 



A wide variety 



Detailed description; 

r 

in Tater modules. 




i£ electric motors operating, on 



TIME 



both a.c. and d.c. -clirrents are in common use today. 



of major types are contained 



Figure 29. Output 
Torque of a Simple 
cj^c. Motor. 



' . TRANSFORMERS ' • , 

Although el eci^ical. transformers are f not electromechanical devices, they 
are* often grouped /or study witrflmotors and generators because they operate 
on the same basic Jpnnciplels. Figure 30 shows the basic construction of a 
transformer. It- Consists of two coils of wire wound on a core consisting of 



t 



RY CON." 




^SE^bNOAlRY COIL 



-LOAD 



Figure 30. - Basic Transformer 4 ^ 0 
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a majgnetic material. The core provides. a closed magnetic circuit for the ^ 
magnetic fields within the .transformer. /An increasing current through the 
primary produces an increasing magnetic fielcj through tfce transformer core. . 
The^cKanging f i SS^prodttees magnetic fordes on electrons .in the secondary " 
coil. The voltage produced across each turn in the transformer coils is the 
same. In Figure 30, the secondary h&s twice as many turns as the primary. 
This means the output voltage' will be twice .the input voltage- Since the 1 . ; 
energy output of the transformer cannot exceed the energy input, the output 
current is. limited to .one-half the rnput current. Because transformers work 
on changes in the magrletic field, they cannot be used with d.c. voltages and 
currents^ - 

Transformers and their construction and applications will be discussed 
in detail -in a later module. ' 
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Determine the direction of force^en^electrons in 
the wi r re at the. right vf the wire moves j . '. . ^ 
out of the page toward the reader.! 



a. 



b,*, toward the south. pole of the magnet. * 
Indicate the direction of electron flow through 
tfre generator coil in' the' following diagrams. (Use the rixjht- 
generator rule for electron flow presented in the text.) 



WIRE 
SEGMENT 



hand 






V 



'Determine the direction of the force on the current-carrying wires in 
the following diagrams. The direction of electron- flow is indicated, 
in each case. , 
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Indicate the direction of rotation of the current/carrying loops in the 
following diagrams. The direction of electron flow is indicated with an 
arrow in each case. 




b. 




G . 




'X 
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LABORATORY MATERIALS 



Two bar magnets 
Iron filings 

S h eet of white-pape r , 8- 1/ 2" 
Hard steel rod', 1/4" x 4" • 
I-roTTN^ashers 



12-V d.c. solenoid with core 

0-12 V variable d.c. power supply with voltmeter and ammeter' 



1. Place one bar magnet on the*table- and cover with a sheet of paper. 
Sprinkle iron filings on the paper and observe the magnetic field of the 

, bar magnet. Sketch the field in Part 1 of the Data Table. 

2. Place two bar magnets in a straight line on the table with their north 
poles 1-1/2 inches apart. Place a sheet of paper over /the magnets and 
sprinkle with iron filings. Sketch the field in the Data Table. 

% 3. Repeat Step 2 with two south poles. 

4. Repeat Step 2 with one, north pole and one south pole. 

5. Place several iron washers on the table and attempt to use the steel rod 
as a^magnet to pick up the washers. Record thejiumfcer of washers at- 
tracted to the rod in Part 2 of the Data TabTfc, 

6. Place thenar magnet at one end of the steel rod, as shown in Figure 31, 
and repeat. Record the number of wasters attracted. 




0-20 lb spring scale 
'Support rods 



LABORATORY PROCEDURES 




Figure 31. Magnetic Induction. 
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7. With the washers on the end of the steel rod, remove the magnet. Record 
the number of washers that remain attracted to the rod. 

8. Magnetize the steel rod by drawing one pole of the bar magnet ,along the 
rod, as shown in Figure 32. Repeat the action several "times, always 
using the same pole'of the magnet and starting at the same end of the 
rod. 




Figure 32. Magnetizing 
the Steel" Bar. 



9. Use the magnetized steel bar as a magnet to attract the iron washers. 
Record the number of washers attracted in Part 3 of the Data Table. 

10. Remove the washers f rom M;he bar and~~throw the bar against >the floor 
several times. Repeat Step 9. - 

11. Set up tffe d.c. power supply, solenoid, and spring scale, as shown in 
Figure *33. The solenoid must be firml'y attached to the lab bench. 
C-clamps may be used. 



SUPPORT ROD 



SOLENOID 




Figure 33. Measuring the Force 
of a Solenoid. 

\2. Set-the d.c. power supply to 2 V., Measure the solenoid currfent and the 
downward magnetic force. Record in Part 4' of the Data Table. 

Page-24/EM-01 
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13. Repeat Step 12 at 2-V intervals until a total voltage of 12 V_is reached. 
Raise the supported end of the spring scal&'as necessary. s 

DATA TABLE 



DATA TABLE. 



1 ./■ Magnetic' Fields : * 

Sketch the following magnetic fields observed in the laboratory: 
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Magnetic Induction: 



How many washers were attracted to the- steel rod alone? 

How many washers were attracted Xo one^end of the steel rod with 
the magnet at the other? ; 

How many washers remained , when the magnet was removed? 



Explain magnetic induction and how it was demonstrated by this 
ex^riment. 
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"Data Table* Continued. 



3* Magnetic Re tension: 

V" " How many wasfhers were attracted to. the steel rod after it was 

^ magnetized? 

How many washers were attracted- to the steel rod- after it was 
.dropped? 

Explain the loss of magnetism of the rod, * 



*4. d.c. Solenoid: 



Current 
(A) 


Force on Core 
(lb) 



























What is the relationship of force to current? 



V 
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CONTROL ELEMENTS IN ELECTRICAL CIRCUITS 



■mmmmmmM"/''^^^. - -V »> t r;v yC^l<..i '/**!'•'! ■■■ " -" 5 • - .* 



CENTER FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT ' 




INTRODUCTION 



The importance of electromechanical devices is based on their roles in 
the. production and* appl ication of .electricaTpower^- electricity - which is- 
an important source of energy. Among -these devices are the highly* efficient 
electromechanical devices that do the following: link electrical, and mechani- 
cal energy systems and contribute to- the ease' and efficiency with which elec- 
tricity can be distributed and to the ease with which^the flow of energy can 
be controlled in e-lectricaT systems. * * 

This module discusses thfe basic control elements of electrical circuits: 
switches, relays, fuses, and circuit breakers.' The first two, switches and 
relays, are used in the normal, "control functions of circuits; the second two,^ 
fuses and circuit breakers, provide automatic protection from daikge due to 
over-durrent conditions. -Most' electrical systems incorporate several of these 
control mechanisms. They are grouped for study with electromechanical devices 
because of their importance in. the control of sych devices anjj because they 
are both electrical and mechanical in nature. In the laboratory, the student 
will construct several control circuits using switches and relays. 

' ' PREREQUISITES 

The student should have- completed Module EM-01 -of "Electromechanical 
Devices/ 1 r 

•A - . - 
> • OBJECTIVES 

Upon completion of £his module, the student should be able to: 
1. Identify the schematic symbols for the following switches: " 4 

'a. 'Single pole, single throw * 
_____ b^ Single pole, double, th row * , » 



Double poleC single throw 

Double pole, doubly throw 

Normally open, momentary push button 

Normally closed, momentary~push button 

Rotary switch 
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2. ^ Draw a diagjram of a DPOY swftch used to control four electrical .circuits. 

3. - State the two most common contadt»materials in switches. 

- 4. . State the difference in a momentary action push button and a maintained 

action t>uslvbutton. ***** > * \ 

• • • * • 

5 % Draw andjarbel a diagram shrowin^fefre* basic parts of a SPDT relay. . 

6. De^crHbe the hazards of the. fo-1 lowing relay substitutions: 

a, A d.c.^relay in an a.c. c.irc^t 1 ' 

b. An a.c/ relay in a d.c. circuit • ^ 

7. Draw and |label diagrams for the following types of, relay contact configu- 
rations : • 

' a. BnUk-njake * -\ t 

b/ -Make-break ^ % ' 

cr ' Dogble jnake-dduble break „ 
* .* ** ' * • 

8. Draw and label a diagram showing an RC filter used to extend the life, of 

^ * i • .* 

relay contacts in a d.c. circuit. Explain how the fil'ter works. 

* ■ * * 

9. Draw and label' a circuit diagram of a locked-out retay. 

10. Describe the operation of the ^fol lowing relays: ✓ ^^^^ ^^ . 

a/ Latching f relay • 

r b. Reed relay » . 

t 

11. State the characteristics of the following types of fuses:* 

a. . Medium-lac) 

b. Slow-blow 

c. Quick-acting 

12. .Draw and label diagrams showing ^two types of bimetallic circuit breakers 

in the open^^rfa closed positions. , ^ 

13. Construct a locked-out re\ay control circuit in the laboratory. 



PSge 2/EM-02 



ERiC 



SUBJECT MATTER 



\ . SWITCHES > . 

The most common control element employed in electrical circuits is tfre. 

switch. The function of all switches is to complete or interrupt the circuit 

as desired, thereby controlling current flow, through the circuit- Thousands 
_ of different switch configurations are commercial ly available. Virtually, 

every electric circuit tn existence contains at least one switch, and most 

electrical systems employ several. A few of the more important classes of 

switches are described Tn the following paragraphs. 

The* most common type of switch is -the toggle switch, which is illustrated 
' < in FigJre 1 This switch consists of a pair of contacts mounted on flexible 

brass strips. When the switch 

is in the OFF position, the) 
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spring action o£ the upper ^ 
brass strip separates 'the con 
tacts and prevents current 
•flow. _When the switch is 9 
turned OH, a rocker njade-of 
an insulating material" forces 
the upper brass strip to bend 
downward and causes the con- 




1NSULAT1NG. ROCKER 
WITH LATCHING MECHANISM 



SWITCH CONTACTS 



Figure,!. Basic Structure of 
Toggle Switcfi. 



tacts to touch, thereby completing 
the circuit. The rocker contains a latching mechanism that maintains pressure 
on the 'switch contacts until the switch is turned off. 

ihe voltage that the switch is capable of switching is determined by the 
separation of the contacts within the^switch. The current rating of the -\ 
switch depends upon the contact material and size and upon .the voltage used 
in the circuit. The ideal contact material should have high electrical and 
thermal conductivity,- a high* melting temperature, high resistance to mtfehani- 
<:al wear, and no tendency to form an oxide or tarnish film that would act as * 
~^e1^rtricart^rrter N - The material most often chosen for switch contacts is 
^pein silver. Since silver forms a tarnish layer, the .contacts a« often de- 
signed to slide across one another slightly iaa "wiping- action" that cleans 
the contacts each time the switch is operated. Gold is also a popular mate- 
rial for switch contacts because of its excellent electrical properties and 
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because it does not tarnish. Because of the cost, gold contacts consist of 
thin layers of .gold over another metal such as silver or brass. Other mate- 
rials used for switch (and relay) contacts include palladium, tungsten, and 
alloys of silver and cadmium. . # 

V Switch ratings'are usually given In terms of both voltage an4 current: 
The following are typical rj^.i ngs taj<en from manufacturers 1 specifications 
for three different switches: 

■ • 5 A @ 28 V .d.c; 2 A @ 28 V' a.c/, 400 Hz; 3'A 0 60 % Hz,, ]15 V a.c. 
♦ • a.c. switch; 6 A @ 125 V a.c; 3 A @ 250 V a.c. 
• *5 A @ 125 V a.c; 10 A @ 250 V a.^. 

This basic type of switch is available in several switch combinations 
packaged in one case with a common control. Figure 2 shows four such com- 
binations/ The SPST switch is used as the on-off switch in most household' 
appliances and circuits. It interrupts the circuit at only one point. Such 
a switch is usually i totalled jn the ungrounded si.de of a d.c circuit and 
the "hot" side of a.c. circuits to maintain most of the circuit at zero po- - 
tential when the switch is in the OFF position. The DPST switch is used when 
both sides of the power'source are to be disconnected from the circuit. v ^ 




Figure 2. Switch Contact Configurations. 

Double throw switches -are used to connect power td~ one circuit while in 
one position and to another, circuit while in another position. Figure 3 
a OPDT switdPused to control four circuits. In Some cases, these swi^ 
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Figure 3- Control Circuit Using DRDT "Switch.* 



v 



havs center OFF positions in whifch all circuits are broken, but others do not. 
Combinations with more swi tches are also available, .A 4PDT switch, for exam- 
ple, has four poles, each of which can .be connected to two separate circuits, v 

The schematic symbols shown in Figure £ are used for several types of 
switches. Four of these- are shown in figure 4, Each of these are maintained 
action switches, which means that .they remain in the position i<n which they 
are p'laced. The maintained action push-button switch contains a mechanism 
similar to that in a baM -point pen. One push turns it on; another turns it 
off. 





' b. ROCKER SWITCH 



a- TOGGLE SWITCH 




'c, SUOE SWITCH 




d. MAINTAINED 
ACTION PUSH 
BUTTON ' 



Figure 4* Four Types of Switches, . \ / 
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Figure 5 shows the schematic representation of momentary push-button 
switches. This type of switch provides a momentary change in circuit condi- 
tions- The normally open push-button switch is af) opeo circuit until it is v 
pressed. Pressing the button closes the circuit, hut it opens again when the 
buttorv is- released. The normally closed push button is a completed circuit 
that can be momentarily opened by pressing the button. Momentary push-button 
switches, arelised extensively in -electrical control circuits. 



x 



NO 



NC 



t. NORMALLY OPEN 
PUSH BUTTON 



b. NORMALLY CL03E0 
PUSH BUTTON 



Figure 5. Momentary Push-Button Switches. 

i Figure 6 shows the construction of rotary switches. These switches are 
use9, whenever a large number of circuits must be switched at once in applica- 
tions such as a television channel selector and the range switch of a volt- 





». SINGLE-GANG ROTARY SWITCH 



b. THREE-GANG ROTARY SWITCH^ 



Figure 6. Rotary Switches. 



ohm-mi Hi ammeter. Figure 7 shows schematic representations of . rotary switches. 
Tljie contacts of rotary switches are usually made of.bfass', but they can be 
coated with silver«or gold to improve performance. 
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$. single-gang. 
4 position 



b, T^rO-GAN^.v^ 

a posmpN/\- v 



Figure 7. Schematic Representati 
• of Rotary Switches. 5 
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TESTING AND MAINTENANCE OF SWITCHES 

Switches can be checked 'for proper operation with an ohmmeter. An ohm- 
meter connected across the switch terminals should show infinite resistance 
when the switch contacts are open and zefo resistance when the contacts are 
closed. (The actual resistance of closed switch contacts is a few milli- 
ohms.) 'This method can also be used to identify the switch functions asso- 
ciated with the various contacts. Figure 8a shows the terminal pattern of a 
DPDT switch. With the switch set in one position, each center terminal is / 




SETTING TOGGLE IN 
ONE POSITION MAKES 
THESE CONNECTIONS 

SETTING TOGGLE IN 
OTHER POSITION MAKES 
THESE CONNECTIONS 



NO U 
0 0 
NC Q 



a. OPOT SWITCH 



b„ PUSH-eOTTON SWITCH 



Figure 8. Switch Terminal Configurations. 



connected to its respective upper terminal; with the switch set in the other 
position, each center terminal is connected to its respective lower terminal. ^ 
This can be verified with the ohmmeter. Figure 8b shows the terminal arrange- 
ment of a typical momentary push-button switch. When the button is not de- 
pressed, the common terminal (C) is connected to th$ normally closed (NC) 
terminal; when the button is depressed, the common terminal is- connected to ~ 
the normally open (NO) terminal. This can also be verified with the ohmmeter* 
All switches can be checked in a similar manner. 

If a switch is fuund to be defective, it can often be returned to service 
by the application of a spray-on contactVleaner, -followed by several cycles 
of switch operation. This procedure will remove coatings from the contacts, 
thereby providing less electrical resistance^ If mechanical defects exist 
within the switch, the switch should be replaced. Switches can sometimes be 
repaired, but additional failures usually occur in a short time. 



ERIC 



EM-02/Page 7 



41 



RELAYS 



A relay' is an electromechanical device in which the flow of one electric 
current is used to control that of another. m Figure 9 shows the basic compo- 
nents of a relay. A current-carrying coil is wound* on one side of a U-shaped 
core. The other end of the core supports a movable armature made of a mag- 
netically permeable materials, The armature pivots vertically and' is held 



away from the current coil by a tension" spring. 



SWITCH 




BRASS STRIP 



TENSION SPRING 



* > Figure 9. Parts of a Relay. 

When a current flows in the coil, a magnetic field is produced. This 
field- induces a strong magnetic field through^ the loop of .magnetically per- 
meable material formed by the core and armature. The result is a magnetic^ 
force of attraction across thfc gap between the core and armature. If this 
force is strong^enough to overcome the* tension in the spring, the armature 
.will move down i'nto Gontact with the core and stretch the spring. The arma- 
ture is connected mechanically to the 'switch mechanism by a non-conductor of 
electricity. The switch consists of three brass strips terminated with silver 
or gold switch contacts/ When the armature moves downward, it bends the cen- 
ter switch strip down until it. breaks contact with the normally closed con- 
tact and makes contact with the normally open contact. 

When the current through the Coil is interrupted, the'magnetic field 
through the core and armature disappears. The spring then opens the gap and 
returns the switch to the normally closed position. 
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The relay shown in Figure 9 is a single-pole, double-throw (SPPT) relay 
capable of switching two circuits. Relays are available in switch arrange- 
ments from SPST to double-throw relays with dozens of poles.- Figure 10 shows 
several common relay configurations, all of which operate in the same manner 
except for the latching relay (Figure lOf). The latching relay operates on 
current pulses. Each pulse rotates a cam that operates the switch. The 
switch .contacts* reverse positions with each pulse. 




d. PLUG-IN RELAY 

C. HIGH-CURRENT RELAY 4 




•. CIRCUIT 3OAR0 *. LATCHING RELAY 

MOUNTED 



Figure 10. Types of Relays. 
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Relays are specified according to" the ratings^ of both the current coil 
and the 'switch contacts. Contacts - like switches - are rated according to 
current and voltage capabilities. Several switch configurations c^n be used. 
Three configurations and their schematic symbols are shown irvfigure 11. 



"a 



«. BREAK-MAKE 



CONOUCTING 8AR 



B. 



r 




NON-COHOUCTINQ ARM 



4 — \ rr 



b, MAKE-BREAK 



C. DOUBLE BREAK-OOUBLE MAKE^ 



.Figure 11,. Relay Contact Configurations. 



Figure 11a shows a "break before make,' 1 or "break-make, lv relay switch. If) > 
this case, one circuit is Always interrupted before the other is completed. 
This is the most common arrangement. In the "make-break" relay switch shown 
in F4gure01b, one circuit is always completed before the other is broken — 
meaning that both circuits are completed for a short time> This type of relsy 
is used-iri some d.c. motor control circuits. In the double break-double make 
switch in -Figure llc y a conducting bar is switched between two sets of con- . 
tacts 'by a non-conducting arm. This type of switch is often employed in the 
control of large currents. 

Relay, coils are rated by their operating' voltage andj)y wheth^rVhSy are 
a.c. or d.c' Standardized coil ratings, are 6, 8, Iff, 12, 24, 32, 48, 115, 
230 volts ~a,c. or d.c. , and 440 volts a.c. 

In a ;d.c. relay coil, the current is limited by the coil resistance-only. 
The coil is "designed to have a resistance that will result in the proper oper- 
ating current when the rated voltage is applied to the coil. The d.c. relays 
usually .energize' at^bout 75% of their nominal rated coil voltage. Once 
energized, they will remain so until the current falls below 50% of their 
rated voltage. 

In an a.c. relay coil, the current is limited by the total impedance, 
which^is the sum of the resistance of the wire in the coil and the inductive 
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reactance of the coil. . Since the inductive reactance is high, the cbil re- 
sistance is lower than that of a similar d.c. relay. When an a.c. relay coil 
is energized, the current initially surges to about. 1.67 times the nominal 
operating current and 'then drops to the nominal value after the armature is 
closed and the alternating magnetic field is established. This means that- 
a.c. relays close more 1 rapidly than d.c. relays. Some a.c. relays close in 
as short a time as 5 milliseconds (ms), whereas d.c. relays require 15-70 ms. 

The difference in coil design between a.c. and d.c. operated relays is 
the reason that the two types are nbt interchangeable. If a d.c. relay is, 
used in an a~;c. circuit at its -rated voltage, the resistance of the coil com- 
bined with the a.c. inductive reactance is high enough to reduce the current 
to below the 'operating range when the 'relay closes. The result is "chatter, 11 
the rapid opening and closing of the contacts. If an a.c. relay is used in* 
a d.c. circuit at its rated voltage, its coil resistance alone does not limit 
coil -current to a safe level, and the coil overheats, destroying the relay. 



Figure 12a shows another relay design, called a "reed relay. 11 The 
switch elements of the reed relay consist of flexible pieces of magnetically 



SWITCH CONTACTS /-GLASS CAPSULE 

INERT OAS ^-COIL 





a. PARTS OP A REED RELAY 



b. REED RELAYS IN PRINTED CIRCUIT CASES 



Figure 12. Reed Relay** 

permeable material. When a d.c. current flows throutgh^the cbil, the magneti-c 
fields induced in the switch elements cause their free ends to attrac'1; one 
another, making contact ancT completing the electrical circuit. Figure \l2b 
shows several of these compact relays encapsulated for mounting on printed 
circuit boards. , ^ i 
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TESTING AWO MAINTENANCE OK RELAYS 

Testing 'a relay f^proper functioning requires an ohmmeter and a voltage 
source* compatible with the relay coil. The following steps will locate any 
relay malfunction, 

1/ With no power to the relay coil, use the ohmmeter to measure the resis- 
tance of each set of contacts, - Connections across common and normally 
closed contacts should read '"zero ohms"; connections across common and 
normally open contacts should sbow infinite resistance. 

2, Apply the* operating voltage to the relay and observe the operation of 
the relay. Turn the voltage off and on several times^ to be sure the . 
relay, is operating correctly, 

3, With the relay coil energized, measure the resistance between the switch 
contacts again. In this case, the normally closed-to-common connection 
should have infinite resistance, and the normally open-to-common connec- 

— tioa-shoul d . pgad-^zero . " . _ _ „ 

The most common problem in relays is failure of switch .contacts to make 
good electrical contact because of burns or corrosion. Such contacts can 
often be returned to proper operation through careful cleaning. Oxides -and 
other materials can be removed from the contacts by using a fine abrasive 
paper. If the contacts are pitted^or burned', they maft be smoothed with a' 
fine file; however, care should be ussd to ensure that the contacts retain 
.their briginal , shape to allow the nonfial wiping action to clean them duripg 
.closing. 

If the contacts are clean and the relay appears to operate normally but 
some switches still do not open,or close properly, the problem is probably 
a mechanical one. The problem can be'corrected by adjusting the tension in 
the relay spring or by carefully bending some of the brass strips that compose 
the relay switch, "Such measures are usually only temporary remedj_es_,_and jthe 
damaged rel^y should bfe\ replaced as spon as possible. 

The best preventive maintenance for any relay is to use model sVith dust 
covers and to be sure the covers are in place. 
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RELAX CIRCUITS 

Relays are employed in a wide variety of control circuits. Two examples 
will be examined here. 

Figure 13 shows a simple relay control circuit. The controlling circuit 
consists of a low voltage d.c- source, a switch, and the relay coil. When £ 
current flows in the. control ling circuit, the relay switch closes and a much 
larger current flows through the controlled circuit to operate the motor. • 



CONTROLLED CIRCUIT 



CONTROLLING CIRCUIT 





— II wv— 











MOTOR 



-F-i-gure-1^ — Si-mple Relay Control Circuit.. 



The resistor-capacitor filter shown in Figure 13 is often added across 
the. contacts of high current d.c. relays to extend contact life. Most contact 
damage occurs when the contacts open and the current forms an arc between them 
for a few milliseconds. The RC filter prevents this type of damage, however. 
When the contacts begin to open, they are short circuited by a resistor and 
capac-itor in series. The capacitor voltage is zero at this instant. The' 
current flow that would have formed the arc now goes into charging the capac- 
itor through the resistor. Thus, the voltage across the switch contacts rises 
gradually rather than abruptly. By the time the voltage is high enough to 
produce an arc, the contacts have moved so far apart tha£ one cannot form. 

Figure 14 shows a circuit called the M locked-out relay." This type of 
relay control circuit is common on many types of electromechanical'machinery 



MO 



NC 



® 



Figure 14. Locked-Out Relay. 
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and can be used in a.c, or d,c, circuits. It allows the control Qf large 
currents by means of two low-current pushbuttons that carl be mounted in any 
convenient place* / ■ # 

Figure 14 shows the circuit in its unenergized state, with no current 
flowing. When the normally open push button is pressed, it conducts mo- 
mentarily, allowing a current to flow through thfe coil and close the relay 1 
switch. The push buttpn is then released* The coil continues to receive 
current through the now closed relay switch and the normally closed push 
button. This small eurrent maintains the relay in the closed position and * 
delivers the larger current to the motor. When the normally closed push but- 
ton is .depressed, the coil circuit is broken, ajid the relay opens. 



FUSES 

All electrical' circuits are subject to failures. If a^ failure occurs 
-tbat^-s- ignifi -ca ntly red uces-c ircuit . im pedaace^JAe.currQnt' in the circuit can 
reach levels that are damaging to circuit components. When this condition 
exists, the weakest link in the circuit will eventually "burn out" and open 
the circuit. A fuse is a deliberate weakHink in a circuit and is designed 

to create an open circuit if a certain cur- 
rent level is exceeded for a certain period 
'of'time/ This occurrence protects other 
'circuit components from damage . 

Figure 15 shows the symbol for a fuse 
and. the placement of the fuse in a simple 
electric circuit. 



• FUSE 




Figure 15., Fuse in 
a Simple tircutt. 



& SAG MEDIUM-LAO FUSE 



0, CERAMIC ANTI-VIBRATION FUSE 



b. SLOW-SLOW FUSE 

d. tia INSTRUMENT FUSE 



e. 4AQ LOW-VOLTAGE AIRCRAFT FUSE 



Figure ,16/ Types of Fuses, 
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Figure 16 showsr 
several types of fuses. 
Those shown ar t e standard 
1-1/4" by 1/4" fuses; ■ 
^however, similar types 
are available in a wide 
variety ,of sizes and 
ratings. Fuses can be 
grouped in the follow- 
ing three categories: 
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Medium-lag fuses are the. least expensive and most common. They can 
carry their rated current continuously without blowing and are capable 
of 110% of their rated current for an hour or more. At 135% load, they- 

blow in s less than an hoar. At 200% load., they blow in under 30 seconds. 

, 

At <higher currents, 'they blow more quickly. 

Slow-blow fuses are used in circuity' that routinely have current surges 
that would overTbad' a medium-lag fuse. This*is the case with most cir- 
cuits involving electric motors. The slow-blow fuse uses the heating 
effect of a current Through a resistor to melt a solder-like alloy; 
Short-term overloads do not produce enough heating to foelt the alloy; 
but long-term overloads melt the connection, and an internal spring 
.separates the parts of the fuse, as shown in Figure 17. 



COtC 3P*tN« ALLOY 



SREAK OCCURS HERE 



mac eno heat-prooucin* un* 



3. NORMAL FUSE 



b. aiOWM FUSE 



Figure 17-.- Action of a Slow-Blow, Fuse. 

3. Quick-acting fuses , also ea-lled "instrument fuses" because thaf is one 
of their most important applications, are designed to blow quickly in' 
order to protect delicate meters and other circuitry from accidental 
overloads. , A. quick-actiug fuse will blow in 5 seconds at 200% load and 
can blow in 5 milliseconds at high loads^ . _ ~ - 

hECKlHtTAW RERLACIWG FUSES 

Many fuses have glask bodies and can be visually inspected for continuity. 
However, a fuse can look gobd and still be^ad because thd^break in the con- 
ductor may be at one 'end of tffeffOse element! The best way to determine if a 

a. • 

fuse that looks good is. 9^od is to-xheck its resistance with an ohmmete^. 

A fuse Jj lows only when some circuit irregularity has occurred. Before* 
replacing the fuse* an attempt should *be made to determine why it blew, and 
• steps should be taken to pfevent a similar problem in the future. . Fuses 
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» 

should be replaced only with replacements witJi the same rating. Practices 
^such as shorting fuse terminals together or using high current fuses in low 
current circuits defeat the purpose of tbe-fuse and should be avoided. «v 



V 



CIRCUIT BREAKERS 

The use of circuit breakers as ; circuit protection devices combines the 
protection of fu^es with the advantage of returning the circuit to operation 
with the press of a button or switch. 

Thermal-type circuit breakers have characteristics similar to those of 
slow^blew fuses. ■ Figures 18 and "19 show* the^^nstruction and operation of 

two such circuit breakers. The basjc bimetawic breaker shown in Figure 18 

* v 

consists of a current-carrying bimetallic strip with switch contacts at one 
end. When the current exceeds the rated value, the bimetallic strip heats 
and begins to bend in the. reverse direction from its cool position. It even- 
tually snaps into the operf position shown in Figure 18c and remains there 
^ntil reset. . ^ 



"RESET BUTTON 
PIVOT PIVOT ' 




CONTACT 




TERMINALS 
NORMAL POSITION 



figure 




S. BIMETAL STRIP STARTS TO HEA*T> 



BROKEN CONTACT 




C. CIRCUIT BROKEN 



, % Operation of Basic Bimetallic 
Circuit Breaker. 



The circuit breaker shown in Figure 19 uses the heating of a bimetallic 
strip to'unlatch contacts . he! ^ together by the spring force on the contacts',. 
Once the contact is broken, "the spring force separates the contacts until the 
reset button is pressed , t <■ 
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RISC! SUTTON 

'tJ^iiyitTAL EXPANSION BLADE 




LATCMIN4 CONTACTS 
IN PLACE 




TERMINALS 1 

ft. NORMAL POSITION 



ft 



CONTACTS NEARLY UNLATCHED 
AS 3 LA Of EXPANOS 

b. HIGH iCURRENT SENDS BLADE 



I CONTACTS UNLATCHED 
e. CURRENT BROKEN 



i 



Figure 19. Circuit Breaker That Uses 
Unlatching Action. 



4t 



CAM STOP 



LOAO 



Bimetallic circuit breakers are available in a wide variety of ratings 
?nd are widely used in residential and industrial circuits. 

Circuits requiring a faster action 
than that provided by bimetallic circuit 
breakers can be protected with the mag- 
netic circuit breaker, as shown in Fig- 

• ure 20. This device consists of a 
normally closed relay switch operated 
by a coil in series with the circuit 

■load. All of the circuit current 
passes through the coil of the circuit' 
breaker. If the current exceeds the 

rated value, the relay armature is pulled down*, opening the circuit, and a 
cam stop falls into place to keep the^gjreuit open until it is reset. 



POWER 
SOURCE 
O— 



Figure 20. Magnetic 
Circuit Breaker. 




CHE&JHG CIRCUIT BREAKERS 

■ The continuity of a'cjrcuit breaker in the closed position can'bg checked 

easily wit;h an ohmmeter; but the only way to determine if a circuit breaker 

opens when it should is to test it under a current load. Thermal circuit 

breakers should open within 20 seconds at 200% of their, current rating* 

x 
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# Magnetic circuit breakers generally open faster, but the specifications of 

each type should be checked because of the large range in opening times of 
these devices.' 

• » . < 

EXERCISES, _^ 

1. Describe the procedures for checking the function of the followiitOHh 
^ an ohmmeter: ' *; 

a. Toggle switches ^ % 

b. Momentary push-button switches (both NO arid NC) - 

c. Fuses 

d. Normally closed relay, contacts 

e. Normally open relay contacts 

2> Obtain an electronics supplier's catalog such as the Newark catalog, 
listed in the references. Look up an example of .each of the following 
items and list all specifications given for the 1 tej/chosen. 
Toggle switch f 

b. Momentary action push-button switch 

c. Rocker switch' 

d. Rotary swftch 

e. General purpose a.c. relay 

f. General purpose d.c. relay 1 

g. t Dry reed relay 

h. Magnetic circuit breaker * 

i. Thermal ^ircuit breaker 

j. * Ceramic body fuse 
» 

k. Slow-blow fuse 
I. _ Instrument fuse 



LABORATORY MATERIALS 



Three colored pencils " ^ 

VOM , ' - - 

6- volt battery * / 
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Connecting wires K | 

i 

115-V a,c. power cord with connectors compatible with relay 
115-V a,Gw outlet with connectorts compatible With relay 1 
Small 115-V a.c, motor (such as a fan) * ^ 

The following components attached to a board -and provided with! terminals for 
connecting wires: DPST switch; NO momentary push-button switch; NC 
momentary push-button switch; 6-V d.c, re.lay with DPDT switch and remov- 
. able dust cover; two 6-V lamps with red and green lenses 



LABORATORY PROCEDURES 



i. 



2. 



3, 



Using the ohmmeter function of the VOM and the procedures described in 
the Subject Matter, check each of the switches for proper functioning. 
Label the common, normally open, and normally closed terminals of the 
— pusb-buttoa-swi tches, - 

, Use the VOM to check continuity of the normally closed relay contacts. 
Energize the relay coil by connecting it directly to the 6- volt battery, 
and check the continuity^of the normally open relay -contacts. Label. all 
. relay terminals. 

Connect the relay control circuit, shown in Figure 21, 




Figure 21. Simple Relay Circuit. 



4, 
5. 



Turn on the power 'switch. Press the push button and observe the opera- 
tion of t he 'simple relay c ir cuit, 



Identify the current paths of the controlling circuit and the contrc 
circuit on Figure 21 and* on the working circuit. . * ' 1 



lied 
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6. 4 Turn off the power switch and add the second lamp, as shown in Figure 22. 



1 . 



RtO 

UOMT 



ON 



OFF 



Figure 22. Addition of OFF Indicator' Lights 

* ' ' . • , • 

7. Turn .oft the power. % Press the push-button and observe the operation of~^ 

this -circuit/ , , - 

8. Turn' off the power switch* ^nd add the normally closed push button, as 
shown in F*igure-23. ThYs completes tffe locked-out relay control circuit. 



c 



9. 
10. 




Figure 23. -Completed Locked-Out Relay 
< Control Circuit. 



Iternate^^ 



press .the two push buttons and 



'Turn On the power switch. Al 
observe the oper^tion^f the circuits. * * 

Tu<n off the power switch*. Connect the a.c. power cord^ a.c. outlet^ * 
fan, and upper switch of* relay, as shown in Figure 24. V: 





# NO 


M 










»* v - ft i a » l " 

4 ■ 1 NO 

A 



figure 24. An a:c. Circuit. 
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11. Plug the a.c. power cord into an a.c. outlet, using caution not to come 
into contact with the 115-V a.c. potential, present in the circuit. Turn 
on the power switch of the 6-V.contrbl circuit. Alternately press the 
two push buttons and observe circuit operation. 

12. Turn off the power switch and unplug the a.c. power cord from the outlet. 

13. Remove the dust cover 'from the rel^y and sketch the relay mechanism in 
tJje-Data Table'. 

-14. Complete the Data Table, referring to the ex$erimental circuit as neces- 



sary. 

15. Disassemble the experimental Setup. 



DATA TABLE 



DATA TABLE. 



1. QrefW and label the part of the relay used in this experiment 
in the OFF and Oppositions. 

.•'•>. 



2^ Draw a complete schematic of the final circuit used in Step 11 1 
f * > of the procedures. Indicate ^the following current paths in 
three different colors: 

a'. Current path for initially energizing the relay dbil . * 

b. Current path for maintaining a relay coil current 

c. Current path for operation of an a.c. motor 



j 
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f v 



Data Table. Continued. 

3. Describe in detail the operation of the above circuit, 
the function of each component. 



Include 
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ELECTROMECHANICAL DEVICES 




MODULE EM-03 
TRANSFORMERS 



CENTER FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT 



C' "-it. 

INTRODUCTION 



* 

A transformer is a device used in an a.c. electrical system to increase 
voltage and decrease current or to decrease voltage and increase current, 
thus matching the impedance of the load to that of the a.c. power source. 
While transformers are not electromechanical devices, -they are studied in 
this course because their function is based on~the same-magnetic principles 
that. operate in electromechanical devices. The ability to '"transform a.c. 
current and voltage is the chief reason that virtually all commercial elec- 
trical power systems operate on, alternating current. 

This module discusses the principles of transformer operation and the 
construction details of several types of transformers. Factbrs leading to 
power losses are identified, as well as methods of minimizing such losses. 
The connection of transformers in sinjgle-phase and three-phase circuits is 
presented, as are methods of troubleshooting transformers.^ In the laboratory, 
the student constructs two experimental circuits and measures the efficiency 
of a power transformer. x - , *'* 



PREREQUISITES 



The student should have completed Module EM-02 of "Electromechanical 
Device*" and have an understanding of a.c. circuit analyses. 



JDBJECTIVES 



•Upon completion of this module, the student should be able to: 

1. Draw and label a* diagram of a simple transformer. 

2. i Explain how a transformer operates, using- a graph showing primary cur- 

rent magnetic field strength, and secondary current as functions of 
time, 4 s 

3. Given three of the following quantities for IHtransfo rraer, determine the 

fourth: 

a. Primary voltage 

b. Secondary voltage 
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c. Primary current 

d. Secondary current 

4. Given two of the following quantities for a transformer, determine the 
third: 

I? 

a. Input 'power 

b. Output power . 

c. _ Efficiency 

5. Explain the following sources^of power loss in a transformer and the 
steps necessary to-*=educe each:, 

a. Hysteresis loss 

b. Eddy currents 4 

c. Copper loss 

6. Draw and label diagrams showing the coils and core of the following 
transformer types: 

a. Core-type 

b. .Shell-type - 
7.. Explain two functions of the oil in an oil -filled transformer. 

8. Given the specifications of a single-pha'se transformer with dual pri- 
maries and dual secondaries, draw diagrams showing possible coil connec- 
tions, and state the putput voltage and current ratings for 'each connec- 
t4on-for a specified input voltage. 

9. Draw schematic diagrams of the four possible connections of three-phase 

, transformers. State which of these is seldom used and state an advantage 
of each of the other three connections. 

10. For each of the above connections, given the input voltage and currents 

. and the ratio of windings of the transformers, determine the output volt- 

1 

ages and currents. 

11. State two advantages and one disadvantage of ah autotransformer and 
explain its construction. 1 

12. Draw and label diagrams showing the use of the followinginstrument 
transformers: » 

a. Current transformer 

b. Voltage transformer 

13. Explain why high-frequ6yicy transformers have air cores. 
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14. Explain the -operation of a-cotistaht current transformer used in lighting, 
circuits. 

15. Explain how to use a VOM to check continuity of transformer windings and 
why a VOM, cannot be used to check for shorted windings, . . 

16. Given the appropriate equipment, measure the input and output power of 

a transformer with varying input voltage and determine transformer effi- 
• ciency. 



• \ .-- ■ ■ 

^ . ... 

v , * 
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SUBJECT MATTER 



0NET1C FIELD 



TRANSFORMER 

— CORE- 




SECONOARY 



^ r 

^^«WIN0INO LOAD 
i — ■ 



A.C. PRIMARY 
SOURCE WNOINO 
± 



Figure 1. Basic Transformer 
Construction. 



THE BASIC TRANSFORMER 

Fiqure 1 shows the basi c components of a transformer used for the trans- 
formation of alternating currents and voltages. The transformer core is a 
closeci'loop of magnetically permeable 
material. Two coils of wire are wound 
around the core. The primary winding 
is attached to an a.c. power., source, 
and the secondary winding is connected 
to the load. The following discussion 
of transformer operation is based upon 
an ideal transformer having no losses 
and a power factor of one. Loss factors 

in practical ^transformers will 'be discussed in a later section of this module. 

Figure 2 shows the primary current, magnetic field, and secondary current 

of a transformer 'in operation. The current flow in the primary coil produces 

,a magnetic field in the transformer core. 

This magnetic field varies with the 

primary current changing direction when 

the current changes direction, as shown 

in the figure. The field also passes 

through the secondary coil. When^the- 

strength of the magnetic field passing** ' 

through the secondary coil changes,' a 

* 

current is produced in the coil. When — 
the magnetic field is at a maximum, its 

value is not changing, and the secondary voltage is zero, as indicated at 
points A and B of Figure 2. When the magnetic field is changing direction 
(zero magnitude of the field), the rate of change of the field is at the max- 
imum, and the induced secondary current is also at a maximum, as indicated at 
points C and D of Figure 2. Because the induced current depends on change in 
the magnetic field, transformer^ operate on a.c. currents only. A constant 
d.c. current produces a. constant magnetic field and, thus, will not induce a 
current in the secondary/ 



^PRIMARY CURRENT 
r MAGNETIC F 




Figure 2. Transformer 
Operation. 
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If all the magnetic field passes through both coils and if the resis- 
tance of r the windings is ignored, the maximum voltage across each turn of x 
wire is the same in both the primary and the secondary. For example, suppose 
a transformer has 100 turns in the primary, 200 turns in the secondary, and 
a voltage of 10 V a.c. is applied to the primary. Each turn in the primary v 
has a voltage drop of 0.1 X Since each turn in the secondary-al so has a 
^jyoltage of 0.1 V, the output voltage of the secondary is 20 V, This rela^ioiv 
ship is expressed in Ecfuation 1. * 



N 2 



i _ 



Equation 1 



where: Ni = Number of turns in the primary. 

N2 = Number of turns in the secondary. 
Vi = Voltage on primary. 
V 2 = Voltage on secondary, 
a * Turn ratio of transformer. 

A transformer connected to produce a voltage increase is called a "step- 
up transformer"; the same transformer connected to produce a voltage decrease 
is called a "step-down transformer." 

The'power in an electrical circuit is *the instantaneous product of the 
current and voltage in the circuit. In the ideal transformer, all the power 
in the primary circuit is transferred to the secondary circuit. Thus, the 
product of voltage and current is the same for each circuit. This means that 
a transformer that increases output voltage decreases output Current by a 
proportional amount; a 'transformer that decreases voltage increases current. 
This relationship is expressed in Equation 2. ^ 



N 2 



Equation 2 



where: • Ii = Primary .current. 

I 2 = Secondary current. 

Examples. A and B show the use of Equations 1 and 2 in solvihg problems. 
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EXAMPLE A: DETERMINING TRANSFORMER OUTPUT. 



Given: A transformer has 500 turns in the primary and, 250 turns in the 
secondary. The primary current is 5 A and . the primary voltage 
is 200 V. 

Find:; (a)~Txrrn"Tatto of transformer- — - - 

(b) Output voltage 

(c) Output' current s 

(d) Input power 

""""" (e) Output power ' . 

Solution: (a) Turn Ratio:/ * * 



a = 



Ni 
N 2 _ 

500 
" 250 

a = 2 

(b) Output Voltage: 

200 V 
2 

, V 2 = 100 V 

(c) Output Current: 
„ la, = all - 

. - (2)(5 A) t - 
U = 10,A ' * 

(d) Input Power: 

P t = IV 

= '(5 A)(200 V) 
Pi,= 1000 VA 

(e) Output Power: 

P 2 = (.10 A)(100 V>« 
P 2 = 1000 VA 



4 



The transformer reduces the voltage by one-half and doubles the 
current, resulting in an output power equal to the triput power. 
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EXAMPLE B: DETERMINING PRIMARY CURRENT. 



Given: 
Find: 

SoTuTioTT: 



A transformer produces an output vtoltage-of 24 V with an input 
voltage of H5 V. The secondary cuVent is 2 A. 
Primary current by (a) calculating j*urn ratio and (b) calcu- 
lating transformer power. 
~ta) Turn Ratio!" 

a' = ^ 



. ' 115 V 
24 V 

a = 4.79 • 

Primary "Current : 

T _ 1 2 ! 
~* \ 
2 A * 



4.79 
Ii = 0.417 A 
(6) Output Power: 1 
P 2 = IV 

= (2 A)(24 V) 
P 2 = 48 VA 
Input Power: 

p, = p 2 = 48 VA 
Input Current: 

48 VA 
" 115 V 

Ii = 0.417 A 



When an- ideal transformer has its primary connected to an a.c. so'urce 
and its secondary open, the secondary voltige is that determined with Equa- 
tion 1, and both the primary and secondary currents are zero. If. a load is 
attached to the secondary, a current flows through the secondary to provide 
power to the load. The primary current increases to provide the necessary 
input power to the transformer. Thus^the power .through the transformer and, 
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both^the primary and secondary currents depend on the load connected to the . 
transformen secondary. The impedance q/f the load must be high enough to limit 
the secondary current to the rated value at the rated output voltage. If the 
load impedance is too low, the current will increase above the rated value, 
and the transformer will overheat and be damaged. y 



POWER LOSSES IN TRANSFORMERS ' 

>- 

The concept of an ideal transformer with 100% efficiency is-usefuTin 
studying the operation "of transformers, but such devices cannot be constructed, 
Some power loss always occurs. 

Copper loss is the power loss resulting from current flow through the 
resistance of the coils^Tfiis loss is I 2 R, where "I" is the. coil current and 
"R" is the coil resistance. Thus, copper loss increases with the square of 
the transformer current. Copper loss can be reduced by using larger (lower 
resistance) conductors for the coils. The increased efficiency is achieved 
at the expense of increased size, weight; and cost. 

Core*loss in a transformer is the power loss wiTfrhk^tt^transfonTier core. 
•The two components of core^loss are eddy currents and hysteresis loss. 

Figure 3 shows the formation of eddy currents in a solid transformer 
core. These currents are induced in^the ends of the core just as the second- 
ary current is induced in the secondary coil. Losses .due to eddy currents in>. 



V.: 
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CURRENT 



EDOY CURRENT IN TM CORE 




Figure 3. Path of Eddy Currents i*n a, Sol id Iron Core. 

the core are I 2 R losses, and they increase as "transformer current increases. 
These losses can.be greatly reduced, but never entirely eliminated, by the 
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use of a laminated core transformer (Figure 4}. 
This core Consists of .a stack of thin, metal 
plates coated with an electniaal insulating, 
material that prevents current flow between the 
plates. Eddy currents still fexist in the in- 
dividual 0 gore sections, ^u,t their magnitude and, 
* thus, the resulting power loss, is greatly re- 
duced.-- - - . - - — - -- 

Hysteresis, discussed 4 in.Mc&ule EM-01 , 
is the process of realigning the magnetic do- 
mains within the core n the direction of the 
^pplied magnetic field changes. Some energy is 
required for this realignment. Hysteresis loss is reduced by choosing a core 
material that is easily magnetized and remagnetized.. Silicon steel is the . 
material most commonly used. Unlike other loss factors, hysteresis loss is 
constant and doesjiot^va^y with transformer current. Constant hysteresis 
loss accounts for the small current flowing in the transformer primary even 
when the secondary is open. * 

All power losses in the transformer appear as heat energy, which raises 
^he temperature of the' core and the windings. Transformers must be designed 
.to dissipate this thermal energy at their rated values. 

The* efficiency of a transformer, as in all other energy transformation, 
devices, is given by Equation 3. 



Figure 4. Laminated 
Core Transformer. 



n = 



out 
'in 



x 100 



Equation 3 



where : 



n =;Perc£ni efficiency* 
> in = Input power. 



out 



Output power. 



The -efficiency of power transformers varies from about 90% for small models , 
to as great as 992 fo^large distribution transformers. A large power trans- 
former is designed to operate at its maximum efficiency, at its rat'£d primary 
and secondary voltages and currents, and at a specific frequency. Example C 
illustrates the calculation of transformer efficiency. 
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EXAMPLE C: CALCULATING TRANSFORMER EFFICIENCY. 



Given: 

Find: 
Solution: 



A power distribution transformer has an fhput power of 5 kVA 
and an output power of 4.-925 kVA'. 
Transformer efficiency. 



K out 
Pin 



x 100 



5 kVA 
4.925 kVA 

98.5% 



x 100 




'POWER TCAWSFOflERS 

Transformers are manufactured in a variety of configuratiqns for several 
applications. The most common -type is called the "power transformer" because 
it Is used to supply a.c. power to a load. Power transformers vary in size 
from 100,000 kVA models that are the size of a house to the tiny transformers 
that supply a few watts in radios and calculators. All power transformers 
have characteristics in common. 

The ratio of input-to-output voltage is 
the sanje as the ratio of primary-to-secondaVy 
turns only if all the magnetic flux passes^ 
through both coils. Figure 5 shows that this 
is not the case in the simpCLe^rans former. 
This' flux leakage is reduced jn power trans- 
formers by winding the coils as shown in 
Figure 6. The core type (Figure 6a^ 
Consists of a rectangular core with 
coils around two sides. Each set of 
coils has- a* primary coil and a second- 
ary coil. In the shell -type trans- 
former (Figure 6b) , all of the coils 
are wound around the central part of 
the core." The outer portions of the 

core surround the coils with a magnetic "shell." The windings of large-shell 
transformers usually consist of several thin secondary and primary coils 
'stacked alternately. In smaller models! one coil surrounds the ottier. 
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Figure 5. Primary and 
Secondary t Leakage Fluxes. 



CORE 



cone 




Figtire 6'. Transformers. 



6' 



Power transformers maty be dry or oil-filled. Both types are shown in 



figure 7. Most 
enameled copper wire, 




formers are the dry type. The coils consist *of 
ated by paper and asphalt or resin insulation. 




Figure 7. Power Transformers. * 

Transformers larger than 5 kVA are usually oil-filled. The coils are composed 
of copper wires with a porous insulation, such as cotton^ and are immersed 
in a case filled with oil. The oil provides electrical insolation and heat 
transfer. Oil channels through the core fyid windings allow heated oil to 
rise thro^h' the center of the transformerls^The hot oil then flows by con- 
vection down the inside of the c£se, transferors^ its heat energy through the 

♦wall to the outside air. Larger models may be equipped with radiators and 
cooling fans. .% , ^ 

Transformers^are available* with several primaries and secondaries.' , The 

*most common type of power transformer is the dualpnmary, duaj secondary 
transformer represented schematically in Figure 8. . Four possible connections 
are shown. ThiS transformer is rated as 2300/4600 V input, 115/230 V output <- 
which means that the transformer can produce an* output voltage o f ^ 115 V or 
230 with an input of either/2300 V or^4600 V. The* primaries anU secondaries 
are connected in series, or parallel, to produce the desired outputs. The 
voltag^ across one primary coil is always the lower of tfte primary ratings -„ 
2300 V in tlris case. If a 4,600 V input is used, the primaries are connected 
in series so that each operates at the des/i red. voltage. Likew-ise," the voltage 
across one ^secondary coil is always the lower, o*f the secondary ratings. 
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c. 

Figure -8\ 'Transformer Connections . 



Power transformers are also rated according to their power on output 
'current. Distribution transformers and most' other large transformers are , 
rated by power in kildvol t-amps (kVA), rather than watts, because the actual , 
power transfer- in reactive ^ciVcuits with/low power factors may be much less 
than the product of voltage and current, upon. which the interal power dissi- 
pation of the transformer depends* Smaller power transformers, such as those 
found* in power ^supplies -for electronic circuits, are often rated according 
to output current. The transformer used in the laboratory section of this 
module, for example," is rated as primary U 5/230 V, secondary 12/24 V, sec- 
orfdarjr current 4/2 A - which means that the transformer can deliver either^ 
4 4jnps at 12 vi>Ji§^or .2 amps at *24 volts from a source -of-x] 15 V or'230 y. 9 ' 
The possible connection are the same as those shown in Figure 8. 

Since mpst large-scale power systems "are three-phase "sj^tems, the con- " 
nection of transformers in three-phase circuits is important. A three-phase 
transformer consists of three identical single-p^hase transformers connected 
in one of the four ways illustrated in Figure 9. . In this. figure, the heavy 
lines represent the transformer coils. Ifre windings on the left are the 
primaries, and those on^the right are the secondaries. Each primary winding 
is mated in one transformer with the 'secondary winding drawn parallel to it.. 
The line-to-}ine toltages and the "currents are expressed in terms of the input 
voltage and current: and the turn .ratio "a." . 

The Y-A connection (Figure 9'a)os* commonly used in power distribution 
systems /in stepping down from a hkfh voltage to'avlow, or intermediate, • ■ 
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'^Figure 9. Common Threfc-Phase Transformer Connection?, 



valtage because it provides a 'desirable common ground for the high-voltage 
side. Conversely, the A-Y connection is most often used for* stepping up to 
\ higher voltage. The A-A connection has the advantage that one transformer* 
can be removed for repair, whereas the remaining two continue to function as 
a three-phase bank^ rated at 58% of the original bank. "The Y-Y connection is 
seldom used because problems with harmonics~often produce non-sinusoidal out- 
Puts. v : . ^ - < ^ ( 

Example D illustrates the calculation of the output voltage and current 
of a three-phase transformer. - 



EXAMPLE D: THREE-PHASE TRANSFORMER. 



Given: 



Find: 
Solution ; 



A three-phase transformer bank connected Y-A has line-to-line 
input voltages of 2400 V and a current of 10 A in each phase. 
The turn ratio of the transformer is 5.77. 
Output voltage and current. 

From Figure 9a: * » 

V ° ut *a/3 \ . • ' 

2400 V* , 1 

" (5. 77) (1.732) 

"out * 240 V ■ * " ■ • • 



out 



l out 



m 



: (5.77)(1. 732 ) 00 A) 
= '100 A 
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* Power transformers are often pro r 
videclwith multiple taps for adjusting 
the input or output voltages. Figure, 
10 is a schematic of such a transformer 
designed to produce one *of three out- 
puts from one of two inputs. In -such 
a transformer, the taps can be changed 
to product the desired voltage under a 
range of input and output conditions. 



130V a.Q*«- 
115V t.0.«- 



COMMON * 



_a SOOV a.o. 
_ 77*V a.e. 
_ 750V i.e. 



, COMMON 



Figure 10. Multi-Tap 
Secondary. 



AUT ()TR ANS FORMERS 



Figure 11 shows the schematic diagrams of autotransformers. The auto- 
transforfner consists of a single winding tha^t serves as both primary and 
secondary. The section of the winding 
that carries both the input and output 
currents is usually of a larger con- 
ductor than the remainder of the, coil. 
Autotransformers can be used whenever 





OUT 



STEP DOWN 



STEP UP 



Figure 11. Autotransformer. 



both the input and output have a „ 
grounded line. Many small single- 
phase distribution transformers are 
autotransformers. 

• The autotransformer offers two advantages over ^transformers with sepa- 
rate windings. First, they are smaller, lighter in weight, and use less 

i 

topper. Second, because there is only one coil, flux leakage is minimized. 
The most serious disadvantage of the autotransfonner is that it provides no 
isolation of the load from the power » 
line. 

v An 'ordinary transformer can be 

•used as an autotransformer, if con- 

nected as shown in Figure 12. 

Figure 13 shows a variable auto- 
i m ■ 

transformer and its schematic diagram*. 
This transformer consists of.a single 
coil of wire wound ground a doughnut- 



2300 



230 




Figure, 12. Connection of a Two- 
Winding .Transformer as ah 
Autotrarpsformer. 
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9. VARIABLE AUTO TRANSFORMER b. SCHEMATIC 

\ 

. 1 * , Figyre 13. Variable Autotransformer. * 

shaped. core. A section of the.wire is bare of insulation, and a movable 
carbon Brush makes contact with.it. Jhis brush can be moved to different 
positions to change the transformer ratio. Variable autotransformers are 
often used. in variable a.c. power supplies. 



ERIC 



' ; OTHER TRANSFORMERS . 

Many other types of transformers are in common use. Several are briefly, 
described here. 

All transformers discussed thus far -deliver a constant output voltage 
with a constant input yoTtage. The oytput current varies with the load. 
Sometimes a constant output current is desired under changing load conditions. 
This can be accomplished witlvthe constant current transformer shown in Fig- 
ure 14. In the diagram, C is the transformer core, A is the primary coil, 

and is the movable secondary coil, supported 
, in part by a counterweight. Current flowing in 
^ the two qoils sets up opposing magnetic fields 
that push them apart. As the secondary moves 
upward, flux 'leakage increases, and, output volt- 
age drops-. Such transformers can deliver almost 
constant output* current over a wide range of volt- 
h ages. Constant current transformers are often 
used in'large-scaVe series illumination. systems. 
Figure*15 shows the application of special- 




SECONDARY 
■ PRIMARY 



Figure 14. Constant 
Current Transformer. 



ized*- instrument transformers for measuring cur- 
rent, Voltage, and power in a.c. systems. These transformers are used when 
the- voltage's exceed a few .thousand volts and for currents above about 20 A. 
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TRANSFORMER 




Figure 15, Connection of 
Instrument Transformers. 



The voltage transformer reduces 
a large a.c. voltage to a level 
that can be measured conve- 
niently with an a.c. voltmeter, 
the current transformer is a 

a 

step-up transformer that in- 
creases voltage and greatly 
reduces current for easy mea- 
surement with an a.c. ammeter. 
A portabl^ measuring device of 
this type, called an "amp-clamp," 

consists of a meter attached to the secondary coil of a transformer whose 
core is clamped around a single Conductor of an a.c. powe/line. The power 
line acts as a single-turn primary. 

The discussion thus far has applied only to transformers operating at 
a.c. power frequencies. Transformers are also employed as. impedance matching 
devices in many circuits at higher frequencies. Figure 16a shows a small 
audio transformer used in ah audio amplifier at frequencies up to about 25 
kHz. Figure 16b is a radio frequency transformer, which has air cores be- 
cause ite operating frequency is so high that there is not sufficient time 
during one period of the wave for magnetic domains of a, material to rea'lign. 





"SECONDARY 
-PRIMARY 



*. AUOtO TRANSFORMER 



b. RAOIO FREQUENCY TRANSFORMER 



Figure 16. High-Frequency* Transformers. 

\ 

. • TROUBLESHOOTING TRANSFORMERS 

.Transformers are subject to two types of failure: opfcn circu.its and 
shorted windings. 
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An open circuit in a transformer winding occurs when the conductor has 
been broken through melting at high current oc mechanical strain. This fault 
can be identified by measuring coil resistance with an ohmmeter. A good coil 
will show a short circuit. 

• An ohmmeter cannot be used to- identify a shorted coil. When a short 
occurs, one or more loops of conductor are shorted together. The resistance 
of the coil may chafige very little, and the transformer-may continue to supply 
a lowered output voltage for a short time. However, the shorted loop acts as 
a shorted secondary of the transformer. High currents produced in this loop 
cause the transformer to overheat and "burn up." 

A shorted coil can be identified 
using the circuit shown in Figure 17. 
When high-voltage transformers are tested 
in this manner, the primary is chosen as 
the low voltage side of the, transformer. 
The secondary of the transformer is open, 
and the input voltage is increased slowly 
from zero tg the operating voltage with 
a variable autofransformer. The primary current at the rated value should not 
exceed a few percent of the rated primary current. If it does, part of one 
of the coils is shorted. 

Transformer failure, due to overcurrent, often indicates a short in the 
transformer load. When transformer failure occu^ the entire circuit should 
be checked to locate any other problems. Replacement transformers should 
always be chosen to match circuit parameters. Operating a transformer above 
its rated valued decreases efficiency and .results in overheating. Operation 
at a small fraction of the rated values results in lowered efficiency. 




•Figure 17. Testing a 
Transformer. 



EXERCISES 



7 



1 



A transformer has- an input voltage of 720Q V, an input current of 2.5 A, 
and an output voltage of 230 V. Determine the output current. 
2. A transformer is rated as primary voltage 115/230 V, secondary voltage 
24/48 V, secondary current 4/2 A. Draw diagrams showing the four. 
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possible connections of this transformer, and label input and output* 
currents and voltages on each diagram. 

Three identical sin,gle-phase transformers with a turn ratio of 2.3 are 
used as a' step-down, three-phase transformer. The line-to-line input 
voltage is 250 V, and the current is 25 A. Determine the output current 
and line-to-line voltage for the following connections': 

a. A-A 

b. A-Y ' 

c. *Y-A 

Read the Laboratory Procedures section of this module. 'Then write a set 
of step-by-step instructions for measuring the efficiency of the auto- 
transformer used in the lab as a function of output voltage. 
A transformer rated primary 115/230 V, secondary 230/460 A is suspected 

of failure. Explain how this transformer can be checked for open and 

# 

shorted coils. Include the specifications of the equipment necessary 
for^the tests. 



LABORATORY MATERIALS 



Two VOMs 

a.c. wattmeter,. W, 115 a.c, 1 A, Simpson model 79 

0.20 kVA variable autotransformer, input 120 V a.c, output li£\V a.c. / J. 5 A, 

with male qui ck.-di sconnect terminals, mounted on open sta^d 
Power transformer, prMtary 115/230 V a.c, secondary 12/24 V a.c;, secondary 

current 4/2 A, with male qirick-di sconnect terminals, mounted on board 
Tw6~l>owe> resistors, 12 ohm, 25 W, with male quick-disconnect terminals, > 

mounted on board ■ / 
a.c. power cord with female quick-disconnect terminals and connecting wires 

with, female quick-disconnect terminals 
d.c. power supply. 0-12 V d.c, 1 A 
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LABORATORY PROCEDURES 



i. 



2. 



Using 'the test procedure presented in the Subject Matter and the ohm? 
meter function of the VOM, check the "continuity of the windings of both 
the power transformer and the autotransformer. 

Connect the circuit show^n Figure 18 for accurately determining the 
resistance of the power resistors. The voltmeter is a VOM set to mea-. 
sure 0-10 V d.c. The ammeter is a VOM set to measure 0-500 jnA d.c: 



1 1 1 

D.C. POWER 
SUPPLY 









12 A. 
25W 



Figure 18. Determining Resistance 
of Power Resistor. 



i5, 



Turn on the power supply and adjust the current through the power resis- 
tor to 500 mA. Measure and record resistor voltage and current in the 
Data Table, and calculate the actual resistance. This value of resis- 
tance will be used in future calculations. 

Turn off the power supply, replace the first resistor with the second, 
and repeat Step 3. 

Connect the circuit- shown in Figure 19, but do not connect the power 
resistor yet. Vi is a VOM set to measure 0-250 V a.c. V 2 is a VOM set 
to measure 0-50 V a.c. Transformer secondaries are connected in series.* 
CAUTION: BEWARE OF EXPOSED TERMINALS'. HAZARDOUS VOLTAGES WILL BE PRES- 
ENT WHENEVER CORD IS PLUGGED IN. 



1 isv' A.C. V 





figure 19.. Experimental. Setup. 

Set the variable autotransforraer for an output voltage of zero volts and 
plug the power cord* into a 115-V a.c. outlet. 

K 

r . • 
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7. 



8. 



9. 
10. 
11, 



12. 
13. 



Check the transformer for shorted windings* by slowly increasing the input 
voltage- to 115 V a.c. If the wattmeter indicates a pqwer consumption 'of 
more than a fraction of a watt, the trarisformer* contains a shorted coil. 
Return the input voltage to zero. Disconnect the autotransformer f rom 
the "power source, ^connect the power resistor as shown in Figure 19, an<T 
reconnect the power source. ^ 
Set the variable transformer for an Tnput voltage of 25 V a.c. to the 
power transformer as measured on V x . 

Record input voltage and power. and output voltage of the power trans- 
former in the Data Table. < 

Increase the input voltage of the power transformer in 25-volt steps,- 
repeating. Step 10 each t^ime, until an input voltage of 125 V a.c. is 
reached. Unplug the power cord when all data has been taken. 
Record the resistance of the power resistor in the Data Table, 
Calculate the output power of the transformer, using V 



V 2 

P - — 



Calculate the efficiency of the percent transformer; using - 



r££ . . /<y v , O utput Power v inn 
Efficiency (») ^ pQwer x 100 



14. Reconnect the transformer se~c6ndaries in parallel, as shown in Figure 20. 
Set V 2 t;o measure 0-10 V a.c. "Connect the second power resistor in 
• parallel with the first. 




' 25W 



, l2n 
' 25W 



Figure '20. Parallel 'Connection of 
Transformer Secondaries, 
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15, Calculate the load resistance of the circuit, using - 

n - RlR 2 

. L Rj + R 2 • 



Record this value in* the Data Table. 

16. Repeat Steps 9 through 13 for this transformer connection, 

17. On a single sheet of graph paper, plot transformer efficiency versus 
ijput power for the series connection and the parallel connection. 



DATA TABLE 



i 



DATA TABLE. 



Resistor 


, Current 
\ (A) 


Vol tage 
( (V) 


Resi stance 
' (Q) 


1 . 




/ 




2 








SECONDARIES IN SERIES 


. Input 
Vol tage 
(V) 


Input - 
Power 
(W) 


Output 
Voltage . 
(V) 


Circuit 
Resistance 

(a) 


Output 
Power 
(W) 


Efficiency 

(%) N 


25 












50 












75 








4 




100 






* > \ 






125 












SECONDARIES IN PARALLEL ' ' „ 


^ Input 
Vol tage 
(V) 


Input 
Power 
.(H) m 


Output . 
Voltage 
'(V) 


Circuit 
Resistance 

(a) 


Output 
Power 
(W) 


** 

Efficiency 

(%) 


25 






♦ 






50 








* * 




h 












100 , 










X i 


\2 5 '. 




f 
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INTR0DUCT10N 



Generators and al ternators^ are electromechanical devices that convert 
input mechanical energy to output electrical energy. A generator produces a 
d.c, output voltage. It consists of a coil of wire rotating in a fixed mag- 
netic field. An alternator produces an a.c. output voltage. ^ It consists of 
a rotating magnet surrounded by fixed. coils. 

This module discusses'the basic theory and design of generators and ' 
alternators. The construction details and output characteristics of several 
types are included. Other topics discussed are loss factors and efficiency, 
output voltage control r and parallel connection of both d.c. generators and 
alternators. In the laboratory, the student will measure the output charac- 
teristics of a generator and an alternator. 



V 



PREREQUISITES 



Devices. " 



The student should have completed Module EM-01 of "Electromechanical 



OBJECTIVES 



ERIC 



Upon completion'of this module, the student should be able to: 

1. Draw and label a diagram of a simpl(erd.c. generator and a simple alter- 
nator, f* 

2. State the tf*ree*factors that determine the output voltage of the follow- 
ing:- * 

a. A d.c. generator 

b. An alternator 

3. Identify the following components as laminated or not laminated and state 
the reasons for the construction in each:.. 

«"N. 

a. A d.c. generator <6tator 

b. A d.c, generator rotor 

c. An alternator stator . . 
An alternator rotor » -^-^*" 
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8. 

9. 
10. 

n. 



12. 



13. 



14. 



15. 



16. 



Explain how d.c. generators and alternators are connected to external 
circuits and how this affects the size of brushes used in each. * 
Draw and label diagrams showing the following d.c. generator connections: 

a. Shunt , • \ 

b. Series w & 

c. Separately-excited > 

d. Compound • • 
Draw and label a diagram'* showing output voltage versus load current for 
a shunt generator and a compound generator. Explain how the series coil 
produces the difference in the two curves. 

Draw and label a diagram showing output voltage versus load current for 
a compound generator with tfte seriesfield opppsing the shunt field. 
State an application for this type 6f generat^r.^ 

Draw and label a diagram showing two methods of controlling -the output 
voltacje of a d.c. generator. Explain each metjjod. ' ^ 

Explain the role residual magneiism 9 plays in starting a d.c. generator. 
Explain the four steps necessary for transferring an electrical load 
from one generator to another without intercepting the electrn'cal 'power 
in the load, * € ' «■ ^ 

Given any two of the^following quanti ties^concerning an alternator, 
determine the other two; * 

a. Number of pole pa*irs on "the rotor <* ^ 
•b. Rotational rate ^ * ' 
c. Output frequency . , 
Draw and label diagrams showing the coil connection atid the output 
"waveform of a three-phase alternator.. " 
Givfen the- number of pole pairs on the rotor of- a thr^e-phase alternator, 
® determine the, total number of armature coils and explain h$to they are 
connected. ^ % 

Draw and label a diagram showing the mounting of alternator armature 
bars in the stator core teeth. • - / 

Draw and label a diagram of a brushless exciter usecr in large a.c. 
> generating, stations and explairi^how it works. « ' 
v , List the additional requirement that must be met w.hen paralleling alter- 



n|tors beyond those neces$ary*$or d.t. generators' 
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THE SIMPLE V.C. GEWfKATcfR 

- Figure J shows tbe basi£ components bf a simple d.c. generator., this' 
device consists of a square loop of wire that is rotated inside a fixed mag v 
netic field. Each end of the wire loop 
is connected to one-half of a split-ring 
conductor. Brushes connect the output * 
voltage, from the split ring to an exter- 
nal circuit. 

The operation of this device is 
illustrated igt Figure 2. In Figure 
2a; the coil is just rotating past-the 
vertical position. Wire segment A is 
moving to the right /and wire segment 0 

B is m^vtrig to the J eft. Sintfe both 4 v ' 

^"segmentsSare moving^ in the direction of the magnetic field lirfes? there is 
no induced* voltage. 

In Figure 2b, the rotation has continued. Wire segment A is.^moving up- 
ward througrt the magnetic field, and wire segment B is moving downward. Both 
segments cut the fixed magnetic field lines to produce forces on electron in 
the directions shownNlq the figure. These forces produce an output voltage, 



*3PUT RIMO* 



Figure. *1 . Simple 
d.c. Generator. 



on the- brushes. 



.0' 



In Figure 2c, the co^l has rotated intQ a plane parallel witjv the applied 
magnetic field*. this, time, wire segments A l^nd B move perpendicular to 4 the^ 
magnettc field, producing the maximgm output voltage. 

In Figure, 2d* rotation has continued and the out- 

tput voltage is dropping from its maximum value. When 
the coil reaches the vertical position, the output 
voltage wi'll again be. zero. Each brush will sjip to* 
the other half of the split ring, and the process Will 
be repeated. f Figure 3 shows thejDutiput waveform of 
the simple d.c. generator. The points labeled a, b, 
c, and d correspond to the lettered drawings in. Fig- 
ure 2. 

The rotating coils in most generators consist of several loops of wire, 
as shown in Figure 4. The maximum output voltage of such a generator depends 

on the following factors: 1 , 

• Number of loops in ths moving coil 

• Strength of the magnetic field 

• Rotational rate of the coil v * * • 




Figure 3. Output of 
Simple d.'c. Generator. 




Increasing any one of these quantities will in- 
crease the output voltage. » -1 ' 

Figure 5a shows an improved generator design con- 
r « 
si sting of* two cpil^bf wire corrected to a commutator 

a with four segments. Each coil (is in contact with the 
brushes only durihg the p'art of the rotational cycle that' produces 'the maxi- 
mum output voltage. This produces the snjpother output shown in Figure 5b. 



Figure 4,.' MuTti-Turn 
Generator Coil, 



mhr mm 




TIME- 



MOflC C04L* 



tr 

•Q, 
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"Figure 5-. Improved drc. Generator. 

r 



COMMUTATOR 
$E0M€«T8 



• . " GQHSTRUCTIOH OF V.C. GENERATORS • 

Figure 6 shows the construction of the commutator**^ a d.c. generator. 
The commutator segments are "made of copper.* Carbon brushes -are, held ia con- 
tact withrthe commutator segments by spring . - * ■ < - • - 
tension. The brushes and commutator ^segments 
of a d.c- generator* must bg^capable of carrying 
-the output curr.ent^of ttje generator. • * 

Figure 6* shows only a Single coil on the^ 

armature, but several' coils are^sualty u§ed. 

Sometimes they are connected to individual . 

commutator segments, as shown in Figure 5a; 

. ^ , ^ Figure 6. * Commutator 

but more often they are interconnected, as * Q | ^ c ^ Q e7ier ator! 

shown in Figure 7, which is a schematic dia- * 

gram of the rotqr of a generator with 12 rotor coils designed to be used in 
*a two-pole stator (fi^ced) field. The coils are wirepin serial so the out- 
put voltage is the sum of the voTtages on all the coils. This arrangement,, 
smoothes the output voltage further. * * 





COMMUTATOR 
SEGMENT 



C 1^u^e 7. Schematic Diagram of Armature, 

. * Winding- for Two-Pol e-Machfne. 6 . 

the rotor -of a d.c. generator consists of a stack of laminated core 
elements coated witfl v&rnish to provide electrical insulation* 'of "feach element. 
If the rotor^was constructed of a single piece of metal <the, same magnetic 
induction that .produces current in the coils would produce large eddy currents 
i/i the rotor.. Laminating the rotor greatly reduces power losses due to edxly 4 
currents* \ ♦ * / 
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'The assembled rotor core contains grooves alongits length to accept the s 
'armature windings, as shown in the automotive generator, in Figure 8. This 
allows the magnetically permeable material of the core to extend above'the 
conductors, reducing the £ir gap between the core of the rotato^ and the core 
of the stator. This^ir gap should be as small as possible to increase'the 
magnetic coupling between the fixed field and the rotating core. 



GROUND SCREW 
BRUSH 
BRUSH ARM 
« . X 



-POLE SHOE 
-POLE SHOE SCREW 
INSULATION 

-OILER 

-BALL BEARING 



OILER 




THRU ^OLT-^jf / ^ 

M LepRlNa 



Y ANO FAN 



DRIVE ENO FRAME 



-COMMUTATOR END FRAME 



Figure 8. ^Cutaway, View of an Automotive 
d.c. Generator. 



Jhe fixed magnetic fields of all. d.c/ generators - except the very^small- 
^est models - are supplied by current flow through field coils*wound around 
• the magnetically- permeable stator, also called .the 

"frame 11 or "yoke." This frame includes pol echoes 
that distribute the magnetic fie^d through the arma- 
" fure, as^bwri in Figure 9. The generator frame is 
usually cast in a single pisce* or in several Marge 
pieces. Since it carries a constant magnetic fifeld, 
/it has no induced eddj^currents, and lamination* is 




Figure 9. 
Distribution, of 
Magnetic Fie^ld 
by Pole Shoes. 



unnecessary. Figure 10 is a cross-section diagram, of 
a four-p/ole ^d.c. generator. The armature windings 
are not shown, but" they are located'in the*slots in tfie laminated armature 
core. Figure 11 shows a large six-pole d.c. generator. 
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^^JVrV SLOTS 




PO^£ SHO* x^v, 

weto rout 



_ LAMINATED 
ARMATURE CORE 



YOKE 

ARMATURE 




FIELD f>OL£ 



Figure 10. " Four-Pole 
d.c. Generator. 



Figure 11 . Large 
d.c. Generator. 





SHUNT 



StMlSU 



FIELD COIL CQblblECTlOHS IN D.C. GENERATORS 

it' 

The current for the field coi\s of a d.c. generator may be supplied by 
the three connections shown in Figure 12. In the shunt connection, a portion 
of the output current of the generator passes through field coils connected 
in parallel with the generator output. The field cur- 

* rent at a fixed. voltage is limited only by the resis- 
tance of tfie coils.. Shunt coils consist of many turns 
of relatively small wire and usually carry a current of 
3-5%- of the generator output current. Most small d.c. 
generators are -thfe shunt type. 

In the series-connecterf'-generator, all of the out- 
put current passes through the field coils before \eav- 
ing the generator. , Since induced voltage depends on 
fiel-d 'Strength, and. field strength depends on fields 

coii -current, the output vpltag*e of" a; series-connected 

■> 

generator depends on the Electrical -load to which *it 
is connected. Hiaher load' resistance produces lower 
.current, and Jowpr output voltage. .Thus, pure series 
r generators are seldom* used.' - ? . 

In the separately-excitftd 'generator, the current 
for the, field coils is provided by an. external d.c. 
source* The output voltage pf the generator can be 

* varied by changing the externafly r appiied field cur- 
rent. . 



FIELD W1NOINQ 



ARMATURE 
4 



t>. SERIES 




c. SEPARATELY -EXCITEO 



Figure 12. Three 
d.c. Generator 
Connections. 
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Most large d.c. generators are the compound type, as shown in Figure 13. 
The compound generator has both shfint and series coils. Jhe reasonVor this, 
is illustrated by the output voltage versus load curves shov/n in Figure 14. 



-WIN04MQ 1 




SCRlCS WINDING 



) ARMATURE 



Figure 13. Compound Generator 
Connections. . 



OUTPUT 
VOLTS 




-FIELD 



LOAD AMPS 100% -LOAD 



Figure 14. Generator Output 
Characteristics. 



OUTPUT 

volts 



In the shunt-connected 'generator /.an increased output current causes a greater 
voltage drop across the rotor windings. This reduces the output\voltage. The 
lowered output voltage results in lower field coil current, which Powers out- 
put voltage eve/i further. * f 

The compound generator is designed to compensate for this voltage "droop. 
A low-resistance series winding carries the output current of the Ajenerator . 
* . This coiT is wound so it,s ma^petic field 

fc adds* to the field of the shunt coils.. At 
higher currents, the increased field of the 
series coil compensates for^the reduced 
field of the shunt coils. 

If the series corTTs connected with 
its. field*oppbsing the field of t4& 'shunt 
coil, an increase in output current greatly 
reduces output voltage. This is commonly % 
done in d.'c: ^generators used for arc weld- 
ing. 0 The output curve $f such a generator ' 
is. shown in -Figure 15. Many applications 
of large d.c. generators require that the 
output voltage refrain constant under varying 
load conditions and that the voltage can be 



\ VOLTAQE 


AUTOMATICALLY 


V wsts * PALLS TO 


\MAtNTAtN 


ARC 




1 .ElACTRODE 




--^£jjf TOUCMINO 


. LOAD* AMPS 


100% LOAD 


Figure 15. 


Arc^Welder 



Generator. 



RHEOSTAT 







1 



VOLTAGE 
REGULATOR 



o- 



r 



nrnr 



-SHUNT 
FIELD 



* SERIES FIELD 



D.C. TO MAIN A.C. 
GENERATOR 



Ficjure 16. Control Field and 
\ Voltage Regulator. 



adjusted as desired,, figure 16 is a sche- 
matic of suc^h a system. A rheostat (vari- 
able resistor") is connected in §€ries with 
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the shunt coil. Changing this resistance changes the shunt field current ahd 
controls the output voltage. The same effect can be achieved with an exter- 
nally-excited coil, fhe generator in Figure 16 has a rheostat for changing 
the 'output voltage and an externally-excited coil controlled by a voltage c 
regulator. This coil keeps the output voltage constant at the desired setting 
O and caji compensate for abrupt, large changes in load. 

■ / «. • / ; > 

* ; ^ , OPERATION OFVX. GENERATORS 

The first time a new generator is operated, an externally-excited current 
must be supplied to the shunt coils to begin generator action. Once a current' 
flows in the coils, the external source may be disconnected^ and the generator 
will continue to supply its own field current. On future operation of the 
/ generator, no external current source is required/ The residual magnetism of - 
the statcfr core is sufficient to generate a small voltage in the rotating ar- 
B mature B c6ils. This voltage produces a small- current flow in the shunt coils, ^ 
thus* increasing the field strength and the generate*} voltage; The generator 
output voltage quickly reaches the rated' value. All that is required to turn, 
on a d.c. generator is to connect it -to a source of rotary mechanical power, 

•Most generators are designed to operate at a constant rotational rate^ 
Thus, their source of mechanical power (gasoline engine, turbine, a.c. motor, 
etc.) is regulated to operate at a constant speed under varying loads.. The 
'output voltage of a generator rotating at a constant speed depends upon the 
current through its field coils. "The output power of the generator is the 
product of the output currfent and voltage. At a constant rotational rate 
and outpirt-voltage, an increase in output current must be accompanied by a 
proportional increase 'in £$put meGhanical torque. Thus, the output' electri- 
cal power, of a generator is deperfdept upon the mechanical input power. 

A^d.c. generator can be turned off simply by removing the mechanical ■ 
input power and allowing' it to, coast to -a stop without disconnecting it from - 
thfe^xternal circuit; however, in some cases, the generator must be discon- 
nected from the circuit while it continues' to rotate. If the load is dis- 
cohnected abruptly, the- inductive kick of the generator will produce high 
voltages and arcing. This can be -prevented!)/ the use of a discharge resis- 
tor. This resistor i£>connect!ed across the generator output just* before the 
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external circuit is disconnected. -The inductive kick then produces only a 
currentsurge through the discharge resistor, and no arcing occurs. 

When two generators are operated in parallel or when a load circuit is 
transmitted from one generator to another, precautions must be taken to avoid 
generator damage. The following procedure will assure safe operation. The 
entirfc load is initially supplied by generator 1 and is to be transferred to 
generator 2. _ 
\ ■ 

1. With generator 2 disconnected from the load circirft, bring it to Us 

desirea rotational rate and adjust its* output voltage to slightly above 

that of generator 1 . 

2 f Connect' generator 2 in parallel with generator 1. The electrical load 

w-ill be shared* by the two generators in a fatio equal to the ratio of 

their mechanical input powers. ' Parallel operation may be continued as 

* *) 

long as desired. ^ 

># 

3. Decrease the field current' of generator 2 'until most of the load is 
supplied by generator 2. 

4. Disconnect generator 1, using the discharge resistor method described 
previously. Generator 1 now supplies the entire electrical load, linden 
no circumstances should a generator be disconnected from its mechanical 
input power while connected in parallel with another generator. If. thi^s 
is done, the disconnected generator acts as an electrical, motor with no 
load. This can produce excessive currents and rotational rates that will 
damage the generator. t 



\ THE ALTEgMATOR * 4 n • 

Figure 17 shows the basic components of a simple alternator. It consists 
Vf a ^cylindrical magnpt rotating "inside a stationary coil of wire. The output 
, t - voltage and current' is produced as the rotating 

magnetic .fi£ld lines cross the fixed conductors. 
Thus, the altffernator Requires no brushes and 
-coninutator to connect to an external circuit. * 
Figure 18 -shows the generation of a single 
period of the a.c*. output voltage a's the simple 
a-ltehiator rotates through one complete revolu- 
tion . 



OUTPUT 




Figure 17. 
Simple Alternator.- 
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Figure 18. Generation of an-a.c. Wave. 
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RbTort 
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TUR£ - 
OR 

STAT08- 
WINOINQ 



' LAMINATED 

' 3TAT0R 
, N. CORE 



r 

The output voltage of the alternator depends .on the following quantities: 
Number of loops in the stationary coil - 
Strength of the rotating magnetic field . 

"Rotational rate of the magnetic field ' • 
Th6 magnetic. field in practical alternators is supplied by a d.c. current .« 
flowing through coils of. wire in the rotor. The cqi.1 is connected to an ex- 
ternal current source by means of brumes and continuous 4 slip rings. In most 
cases', the rotorwill have multiple po.les, and the static armature will con- 
tain one coil for e3c*h pole^pair. Figure 19 shpws an alternator with three t 
pole pairs. The armature windings of this alternator consist of three coils 
wound in the slots in the'stator. .Each of the, 
three pole pairs produces a current in one of 
the three coils at the'same time; thus, the a.c. 
voltages of the coils are in phase. The coils 
are .connected "in series, and their voltages add 
to produce the output voltage. The output fre-. 
qu'ency of the alternator is thf ro.tor rotational 
rate (in revolution^ per second) multiplied by 
the number of pole pairs and matching armature , ^ 

coils. Thusy an alternator with six pole pairs, rotating at*l.B revolution's- 
per second, produces a frequency of 60 Hz. ' ■ ., : \ v * 

J The alternators discussed thus far are single-phase .a Tternatprs.- - .Most 
alternators produce a three-phase output; that is, they produce t'h'reg iden- . 
tica-1 voltage waves on three -pairs of output terminals. This is accomplished^ 




-air gap 



figure 19. Six-Pole 
. Alternator. ■ 
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Figure t 20, Three Coils 
with Common Return. 



by adding two additional sets of armature wind- 
ings at intervals of 120 ? around the stator 
frame. The armature then consists ~of three 
sets of coils 120°~apart. Each set contains * 
the same-number of coils as there are pole 
• pairs on the rotor. . > 1 

Figure 20 sljows the el ectrical connections 
of the arm§tur,6 coils of a three-phase alter- 
nator. Each coil shown in the diagram repre- 
sents one set of coils in the alternator arma- 
ture. The output waveform of this alternator ^ 
is shown in- Figure 21. The first wave is the / 
voltade betweerrA anSHfrTfhe second^ wave is 
the yoftage between B and Bi, and the third is 
that between C and Ci. Points Ai , Bi, and Ci 
are connected and form .xta common return line, 
for each of the alternator phases. 

/ • 

{ : 

AUTOMOBILE ALTERNATORS . . \ ; 

One of the mfist common applications of small alternators As in the gen- " 
eration of electrical power in automobiles. Figure 22 shows the construction 
of the rotor of such an altepnator. The magnetic field is produced by a d.c. 
current flowing through a single coil wound around the rotor sh^ft. This 




. i i ' 1 

•0° iio° 2>'0° ado 0 



Figure 21. Three-Phase 
Output Waves. 
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Figure 22; ? -Automobile Alternator Rotor. 
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coil is connected to an external d„c. source by a p^ir^of slip rings and 
brushes. The poles o^th^ rotor are formed by, the inter-locTing fingers of 
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-STATOfl WIK01N9 




rSTATOR WINDINGS 



STATOR. FRAMG- 

a. 




STATOR 
FRAME 



two iron sheTV halves. Each , 
.shell ha!lf contains one finger 
for each pole pair. Figure, 23 
shows the construction of the* 
stator of the alternator. Fig- 
ure 23a shows sfeven field coils 
connected in series to match 
the seven pole pairs of the 
rotor. This sat of windings 
produces one 'of the output phases. * 

In Fi£Cire 23b, the other two -sets .of coils have been added to the stator frame 
art'd connected fi1ectrTeTITy~as shown previously tn Figure -26.- ; - 

Figure 24 is, an jpploded view of the completed alternator. The alter- 
nator' is. connected to 'the internal rectifier circuit shown in Figure 25 to* 



Figure 23. Automobile Alternator Stator., 
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"* Figure 2£. Exploited View of Automobile Al t'ernator. " • 

produce a d.c: output* The output voltage of the alternator is regulated by 
regylating the d.c* current' in the rotor/ 
- 1" In an alternator, the magnetic 'field of , ^ 
the rotor is produced > by d.c* current flow and 
does n^t change direction, 'Thus, n6;eddy cur- 
rents can be induced, and the rotor need not 
be laminated. The stator frame-, however, is i 
subjected^toTliternaiing magnetic fieljf and^ 

must be of laminated construction to reduce;,. 

.) / • 

induced eddy cuVrents. m % * 



COIL 8BT 0 



Figure 25. r Alternator ^ 
Rectifier Circuit. 
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LARGE ALTERNATORS 



Large alternators used for electrical power production hatfe the same 
basic design as the automotibe alternator. Figure 26 shows the rotor of such 
an alternator* The rotor coils consist of rectangular copper bars set in slot 
along/the side's jDf the solid steel (rotor.* The'bars are wedged into place and 
held /oy steel retaining rings at each end. They are connected electrically to 
tfie copper rings at^one end of the rotor.* Large brushes contact-^hese rings 
td- supply the d.c* current to the rotor. 



F«U> COIL 
CONNECTIONS 




RETAINING fUHOS ® 



Figure 26. Rotdr of Large Alternator*. 4 ^ 
The stator windings of the alternator are composed of copper bars .con- 



structed as shown in Figure 27. 



TRANSPOSED 
CONDUCTORS 




-INSULATION 



The individual ' copper, strips are "transposed- 
along the length of tfie^bar. Otherwise, 
unequa-1 voltages due. to unequal slot depth 
would produce eddy currents in the'bars. 

* x «/ 

, The bar is cdvered withjnsslating tape. , 

Such* a bar-type winding is calied an ,Y arma- 
n tur;e" winding, taking its name from the 

* copper bar armor worn by knights of medi- 
eval times"'. \ 

a Figure" 28 shows, the armature bar in* 
place in the stator fr^me.' The^ bars, are 



figure 27. Stator Winding Bar^ 

* V held fn place by non-magnetic wedges that 

fit between the core teeth, THe. .cores of large alternators also conta/in cool- 

ing slots,- through which water or a gas may pass to^cool the v stator. In some. 

cashes, the! copper bars^tbsmseive* are hollow and carry ^ coolant. The'rotors 
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of Urge alternators are electri-, 
cally* isolated from* the stator- \ 
frame, to prevent the flow of eddy 
currents through a loop formed by 
tfie rotor- and stStor.. 

Un1i;ke'<kc.' generators, aV . 
terriators cannot'be connected to, 
supply their oy/n f e i eld current., 
The current" in the alternator 
r^tor must come from some source 



NONMAGNETIC WEDGE 



FILLER PIECE 



CORE TOOTH 



.COOUNQ SLOT 




UPPER COIL #AIF 



LOWER dOU. HALF 



Figure 28. Cross \Secti on of Slot. 
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GENERATOR 



MO T OR- 0 RIV 6Na 
EXCITER 




Figure 29. , Separately / 
** ! ' Driven Exciter*. . / 



other than ~ttse"a 1 tenia tor Tt se \ t . VRTs lire .--source ^^1^an - Ji ^^ter^^ 
Figure 29 shows on^common Way of exciting a large alternator. The initial 
power to "start the exciter motor comes' 
from^n external source, such as Another, 
alternator. Once the exciter and the 
main a.c. generator (alternator) are^ 
both in operation, 'the exciterjgpfor , 
can be connected to the output of the 
arc. generator. In ttffS way, the- alter- 
nator supplies its excitation* current 1 
through an intermediate step of d.c. 
generations 9 \ 9 - . ' V 

Figure 30 shows another arrange- /, / ^ . / . 

" ment commonly used in' large!' 'electrical? plants. 4 A permanent magnet alte/hator, 
' an excitation alternator,- 5 * rectifier 7 assembly, and the main a.c. generator # « 
-are all connected on a single 

* shaft, tfce output of -the p§rma- * ' ; & / *-r A ,* BV ™* M 5 

'nent magnet .altferoator MsiampK- - v .< 
.fied and recti fffd^lnd is ,used as 
J;he excitation current r through 
the 'stationary- field toils, of the., 
excitation alternator. Aji 'a.c. 
current is" produced in "the rotat— . 
' ing. coils of the excitation a-Jtef- -• 
nato.r. This .current is r^ecti-fied 

"•. r •• 



permanent*. 

magnet 

generator 
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by a rectifier assembly located on the rotating shaft and fed to the -rotating 
coils of , the main alternator. This^type of excitation Astern has the advan- 
tage of containing no' brushes. 

\^ * OPERATION OF ALTERNATORS , 

An alternator can be placed in service" 1 by bringing its rotational rate' 
to the specified value and then supplying the' field current necessary to_pro- 

yduce the desired output voltage. The output voltage of the alternator is 
regulated by regulating the field current. This is often accomplished by a 
vpltage regulator, that monitors alternator a. c. output and controls the d.c." 
.fiefd current. Such regulators a,re often designed for operation at a Tixed 
output frequency. For this reason, current shouldSiot be supplied' to the 
alternator rotor at low rotational rates. This could damage the voltage reg- 
ulator circuits. Like the' d.c. generator, the total output power of an alter- 

" nator is dependent upon the total mechanical input power*. 

Alternators can be placed in parallel operation by a process similar to 
that used for d.c. generators. The additional requirements necessary before 
the parallel connection J^made are that both alternators have the Same output 
frequency and that their outputs are in phase at the instant the switch is x 
jjlosed.^.The alternators will then be locked in phase with one another and 
will 0 share the electrical load in a ratio equal to the ratio of their mechan- 

' veffTTfTpjj t^pOwers^ Alternators are reversed from a parallel connection in 
the* same manner as d.c. generators^ * 

' • V MAINTENANCE . ' 

The maintenance procedures for generators atrd ^alternators ^ire the same 
as those for electric motors discussed in Module EfM-OJT, "D.C- Motors." "Dis- 
cussions of motor power losses and efficiency in that moSulfe $lso apply to 
generators and alternators. ^ ^. 
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EX ERCISES 

s. 

< 

1. An alternator with, four pole pairs is used 'to produce a 60-Hz a.c. volt- 
age. What is its rotational rate? ' ' 1 

2. The d.c. generator in Figure 16 is connected to a constant resistive 
electrical load, and a source of mechanical igput energy that has a con- 
stant rotational rate and changes its input energy to meet the demands 
of the generator. Explain what happens to each of the following quan- 
tities when the rheostat control 1 ing. the shunt coil current is changed 
from a higher resistance to a lower resistance:, ^ 

a. " Shurrt coil current 

b. Output voltage * / * 

c. Output current- 

d. Mechanical input power 

3. 'Why is a discharge resistor necessary when a large d.c. generator is 

disconnected from an electrical load?, Explain how this resistor is used. 

4 

4. What happens if a d/c. generator, operating in parallel with a second 
generator, is suddenly disconnected from its source of mechanical input 
power? * n 

5,. A three-phase alternator has 15 coils on its stator. How are they con- 

g 

nected and how many pole pairs must the rotor have? 
6, An a.c. electrical load is to bd transferred from one alternator to 
\ another without interrupting the current flow. Explain, step by step, 
how/this can be accomplished. \ . 

•LABORATORY MATERIALS 



12-volt compoynd d.c'. generator - % 

Automobile alternator 

Constant speed electric motor ' n 

Mechanical couplings and mounts for connecting electric motor to generator 
and alternator 

12-V d.c'. power, supply * * 

10 kft, 5-W variable.resistor (potentiometer) 
d.c, voltmeter, 0-25 V 

\ ■ . • Q 0 .EM-04/P^ge 19 
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d.c. ammeter, 0-5 A 

d.c. milliammeter, 0-250 mA - 

Five 12ft, 12-W power resistors 

Five SPST switches 

Note: A compound d.c. motor can be used cts a d.c. generator. If this 

«* 

is dojie, all internal coil connections should-be disconnected and coil leads 
brought out of the motor. The size of the power resistors used as a load and 
the shunt rheostat must be scaled to the motor ratings. 

. LABORATORY PROCEDURES 



3. 
4. 

5. 



Connect the d.c. generator mechanically to the driving motor. With all 
generator coils disconnected, turn on the driving motor^ momentarily and 
verify mechanical operation of the motor-generator combination. 
Connect the generator a$ shown in Figure 31. The circuit to the right 
of the output terminals" vyill be used as the output circuit for all p^rts 
of this laboratory.' , K 



10 KA» 5W 



SHUNT 
COIL 




SERIES COIL DISCONNECTED 



OUTPUT 
TERMINALS 



-0 



R,-6 12Q. 12W 



Figure 31 



Shunt-Connected Generator. 



Set Shunt coil rheostat for maximum series resistance. Open Si through 
Ss. 

Turn on, the driving motor and observe the output voltages. Set the shunt 
rheostat to produce an output voltage of 12 V. Record the shunt coil 
current *and- output voltage in Data Table 1. 

Divide the recorded valu^'of shunt coil current by 5. Reduce the current 
by this ajjitfunt.with the- rheostat, and record the new shunt coll current 
and output voltage. 
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6. Corit4*u^ to reduce the shunt coil current'in equal ^teps until the^mini- 
mum current is reached, recording the current and output woltage each 

. • time. * - 

7. Return the shunt coil .current to the value necessary to produce a 12-V 
output voltage... , 

8. Add the load resistors to the circuit one at a time by closing Si though 
S 5 in order. Record the output current and output voltage in Data Table 

1 after each^witch is closed. Do not change shunt coil rheostat setting. 

9. -Turn off the driving motor and allow the generator to coast to a stop. 
Open Si through S 5 . ^—^J 

10. Cllculajte output power by multiplying output voltage and output current 
for each load, and record in Data Table 1. 

11. Connect the generator as shown in figure 32, and rep'eat Steps 7 through 

y 

10. - 



■vw 



SERIES FIELD ADDING 

m m T 



V 



6 



OUTPUT 
CIRCUIT* 



Figure 32. Compound Generator 
with Fields Adding. 



12. 




Reverse the connections of the series field coil of the generator so its 
magnetic field will oppose that of the shunt coil, and. repeat Steps 7 
through 10, . . 

Replace the d.c. generator wi£h-the alternator; With all alternator 

disconnected, turn on the driving motor momenta ri ly and verify^ . 
nical operation of the motor-alternator combination. • • • 
onnect the alternator as shown iri Figure* 33. ' 

Repeat Steps 3^ through 10. fat th£ alternator, recording values in Data^ 

e 2\ In this case, the rheostat controls- the externally-applied 
current through the alternator ro<tar. - ; •*/ 

Draw graphs of output voltage versus field current for theJa-c. generator 
and the alternator.., - • ~ 
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Figure 33. Alternator Connections. 

17. Draw four graphs of output voltage versus output current on the same 
sheet of graph paper. Label the graphs. as follows: 

a. Shunt generator * , 

b. - .Compound generator with fields adding 

c. Compound generator with fields opposing 

d. Alternator ' " 

18. Compare the graphs an^ explain the reasons for the shape of each curve. 



DATA TABLES 



DATA TABLE 1. D.C. GENERATOR. 



f 'OUTPUT VOLTAGES VERSUS SHUNT COIL CURRENT- 


• Shunt coil current (mA) ' 










: V— 


Output voltage 














fiUNT-CONNECTED GENERATOR 


Load Resistors i 
' (number) 


-Output 
- Voltage 
(V) 


Output 
Current* 
(A) 

* 


, Output 
* Power 


0 ' 


^ • 








* 






2 

: » 1 








. 3 • • 








4 * . 








5 




* 
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Data Table 1. 'Continued. 



> • COMPOUND GENERATOR WITH FIELD COILS ADDING 


, Load Resistors 
(number-) — 


OutDUt 

Voltage 

S (v) 


' Output 
Current 

'(A) 


Output 
P6wer 

(w) 


0 








f i r- 








2 ' 








3 






a • 










5 








" . COMPOUND GENERATOR WITH FIELD COILS OPPOSING 


Load Resistors 
(number) 


Output 
Voltage 
(V) 


Output 
Current 
(A). 


. Output 
Power 

(W) 


0 






— * . 


1 








2 








3 








4 • 








5* 









DATA TABLE 2." ALTERNATOR. 



s . OUTPUT VOLTAGE VERSUS FIELD CURRENT 


FieTd Current (mA) 






m 






'Output Voltage (V) 












ALTERNATOR OUTPUT 


A 

Load Resistors' 
. • (number) 


Output 
Voltage • 

• (V) 


Output 
Current 

: (A) 


Output 
Power 
(W) 


a 








- i ' . , 


• 






- — ^ 


- a— 






■ A 3 


















y 


t 
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ENERGY TECHNOLOGY 

. CONSERVATION AND USE 



ELECTROMECHANICAL DEVICES 




MObULE EM-05 * 
D. C. MOTORS AND CONTROLS' 





R FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT" 



INTRODUCTION 



\ 

A direct current electric motor is an electromechanical device that con- 
verts d./. electrical .energy to rotational mechanical energy, These motors 
are available in sizes'ranging from small instrument motors powered by bat- 
teries to large model si producing several hundred horsepower. All d.c. motors 
have similar design features. Their &ntput characteristics depend upon the 
connections of their field coil's. Shunt motors have field coils connected 
in parallel with the armature and produce almost constant speed with c a vary- 
ing load. Shunt motors designed for speed control can be operated over a 
wide range of speeds. Series motors have field coils connected in series with 
the armature. Their speed varies with load, and they produce large starting, 
torques. Compound motors contain both shunt and series coils and have oper- 
ating characteristics tha't are-' a compromise between the shunt motor and the 
series* motor. 

This moduVe discusses basic d.c. motor, principles, construction and 
'operation of the three types of d.c. motors, control circuits for d.c. motors, 
and common problems encountered with d.c. 'motors. In the laboratory, the 
student wil l r construct a motor control circuit and measure the output charac- 
teristics of a shunt motor, 

4 ' PRERE QUISITES 

■ 

The' student should- have completed Module EM-04 of , "Electromechanical 



■Devices." 



OBJECTIVES 



Upon completion of this module, the student should be. able to,:. 
Draw and label a diagram of a simple d.c. motbr.' 

Explain the purpose, location, and electrical connection of a magnetic 
interpole in a d.c. motoV. 

Draw schematic diagrams showing the electrical connections of the follow- 
ing types of d.c. motors: i 



X 
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a. w Shunt > 

b. Series w c v 

c. Compound » , * 

i 1 ' . 

A. s Drdto and label diagrams showing-rotatibnal rate anjd output torque as*- 

functions of moton^current for each of th^ three ; types of d^fc . motors. 4 

5. Explain the origin of the counter electromotive force in a shunt motor . ' 
and explain how the CEMF Limits armature current and motor Speed ia the 
shunt motor. * ' * i 

6. Explain the- conditions that can .Vead to motor damage due to excessive 
speed in each of the ftiree, types of d\<: •motors. 

7. Describe the characteristics of the mechanical loads typically driven 
by each of the'three types of d.c. motors.- 

8. Draw, and label diagrams of three-terminal and four-terminal manual 
starter circuits for>/d.-c. motors. Explain the operation of each type. 

9. 'Given .schematic diagrams of a CEMF starter and a series locked-out 
starter,. explain the operation of each. 

10. Draw and. label diagrams showing the following methods of speed control 
for shunt- motors. Explain the operation of each ^method. 

a. ' Field rheostat- - ^ 

b. Armature rheostat 

c. * Ward-Leonard system * 

11. Explain two methods* that can.be used for motor braking. . 

12. Explain, with the use Of an efficiency versus ^jr*rent. curve, wfry electric 
motors must be operated near their rated load for maximum efficiency. 

13. List the three categories of. motor failure. * f 

14. Given .the ^pfiropriate equipment, construct a ~U7c. motor control ci^cutt, 
' make the necessary measurements, and plot the characteristic curves of -, 

a shunt motor. 
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SUBJECT MATTER 



BRUSH A 



the Simple p.c. motor. ^ * . 

- Figure 1 shows the basic components of a simple d.c. motor.* This motor 
consists of a fixed magnetic field and a* loop of wire connected to- a d.c. 
voltage source through a commutator^ 
The commutator consists of twa conduc- 
tive segments (A and Bj, which are 
each connected to one side of the wire 
loop (C and 0). .A brush connects each 
commutator segmeYit to' the voltage 
source. This is the ^ame basic con- 
struction as that of a d.c. generator. 
In,the generator, mechanical input 
energy is converted to electrical out- 
put energy. In the motor, the process . 
is reversed, converting electrical -input energy* to mechanical output energy. 

In Figure 1, current flow through coil secjijient C produces an upward force 
on that segment. .Current flow in tbe. opposite direction in Segment D produces 




'Figure 1 . Construction of 
a Simple d.c. Motor. 



^aq^equal downward 'force. These^orces provide the 
torqu^ t.o rotate the armature coil around its axis 
as shown. This/^same coil position, is shdwn in 
Figure 2a. ' In Figure' 2b, the^rmature*, bas rotated 
through -one quarter of a tun}, and "commutation" * 
is occurring; that is, 'each half of the ^spTit ring 

>i.s moving to contact the other brush. Just (before 
vcommutation, the force oh poll segment C is # still 
upward, and the force'on segment DJs downward, 

.This produces no tSrqu'e on the armature, but the 
armature^ apgutar momentum causes itto continue 
to turn*, -Immediately following commutation, the 
current in. the coil and the direction .of force on 
the wire, segments have reversed. The armature , 
continues to rotate to the position shown in Fig- 
ure 2c with increasing torque. Figures 2a and 2c 
are the positions of greatest torque because the" 



• ( 
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Figure, 2. Rotation 
of Simple d.c* Motor. 
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applied forces act with the Neatest lever arms. In 
Figure 2d, commutation occurs again. The pulsating out- 
put torque of this simple d.c. motor is shown as a* func- 
tion'of time in Figured. 

s 

* The torque of a d.c. motor can be made almost con- 
stant by using additional armature coils, as shown in 
Figure 4. These coils are connected in series, as shown 
in figure 5, to provide current flow through all coils 
in the direction indicated in Figure 4. Thus/while the vertical coil in Fig- 
ure '4 is undergoing commutation, the other coil continues to produpe torque. 

: ^ ^ 



Figure .3. Output 

Torque of a 
Simple d.c. Motor. 




BRUSH 




COMMUTATOR 
3E QMENT 



Figure 4. Armature Cdils in 
Slots Arounjd Aftnature Xore . 



Figured. Armature Winding 
for Two-Pole Motor. 



DC 
SOURCE 



The fixed magnetic field" of d.c, motors is provided by field coils with 
a d.c. current flow. Jhese coils are wound on a stator frame, similar to that 
of = a d.c. generator. Many motors are designed with multiple poles in the' 
< stator field. Figure 6 shows the fipld wind- 

ings, brushes, and coil segments of a four- 
pole d.c. motor. This arrangement provides 
greater output torque with the same armature 
current because eafh wire segment moves in 
a direction perpendicular to the field direc- 
tion mor^ frequently. The armature coil con- 
nections are arranged to provide coil current 
in' the direction shown, ajid one pair of 

r n , e brushes is provided for each pair of field . 

Figure 6. Four-Polef * K K 

Shunt Motor. , poles. , 
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CONSTtUCTJOhl OF V.C. MOTORS 

' The armature core of a d.c. motor, is of laminated construction just as - 
that of- a d.c. generator because, as in the generator, the direction of' arma- 
ture magnetic field/revers& when the coil current reverses . ' Armature coils 
consist of only a few turns (ustrartlyonly one), to reduce coil inductance. 
'This reduces the- reverse EMF of the coil during " ; 

commutation and, thus, reduces sparking of the 
conroutator. " 

The construction of the commutator is shown 
in Figure 7. Each commutator segment is a' solid 
piece of copper. The segments are insulated from 
the mounting ring and >f rom each other by layers 
of mica. Each commutator segment has a slot in 
which the coil ends rest. Coi Vends are soldered 
or brazed in place. 

The brush and brush holder of a d.c. motor 
are shown in*-Figure 8. The brush is made of car- 
bon and is free to slide in the brush holder. A 
spring presses the' brush against the commutator with 
the correct pressure. 

The stator frame of a d.c. motor can be of lami- 
nated construction, but often it is not because the 
constant magnetic fields in the stator core do not 
produce eddy currents. The windings are similar to 
those of d.c. generators discussed in Module EM r 04, 
'""Generators and Alternators." 

Commutator "sparking is reduced in many d.c. 




Figure 7. Cutaway 
View' of a d.c\ Motor 
Commutator 




motors by the addition of magnetic interpoles in 
the stator. The interpole is a narrow mag- 
netic pole positioned so that a coll segment 
undergoes commutation while it is directly 
unjJer the interpole. This is shown in Fig- 
ure 9. The effect of the interpole is to 
greatly reduce the magnetic field strength 
durijag^corraiiutation.^ Figure 10 shows a four- 



Figure 8. Brush 
and Holder for a 
. d.c. Motor. 



COMMUTATINQ OR 
INTERPOLE 




Afl MATURE 



Figure 9. Section of 4. 
d.c. Machine Shown ng * 
Compensating FieTd. 
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pole* statolith two interpoles! Figure 11 shows the electrical connections 
of interposes, also called "cocnmutating poles," in a d.c. motor with four 
main poles and four interpoles^ The interpples are connected in series with; 
the armature so their fie'ld strength will be proportional to armature current. 




SCOMMUTATtNQ 
FIELD ! 



) ARMATURE 



Figure 10* Stator Frame, 
Field Poles, and Field Windings 
of d.c. Motor. 



Figure 11. Wiring Diagrams 'of a 
Shunt-Wound d.c. Mo % tor 
with Interpol es/ 



TYPES OF 0.C. MOTORS - 



A die. motor is classified according to the connection of it$ main 
field coils. (Interpole coils connected/fn series with the armature can be 
present in any type.) The three types (are shown schematically in Figure 12. 




wuuu — 

FIELD WINDING 



ARMATURE 



SHUNT 





SERIES WINDING 



ARMATURE . 



b. SERIES 



C. COMPOUND 



Figure 12. Three/ d.c. Machine Connections. 



* 4 



In the shunt 'motor (Figure 12a), the armature and the field coils are 
connected jn parallel. The field coils are'made of mariy turns of small wire. 
Current through the field coils is limited by the wire resistance and is con- 
stant at constant applied voltage: Thus, the, stationary magnetic field of a 
shunt motor is constant with a constant applied voltage. Increasing the ap- 
plied voltage increases the field strength and the output torque of the motor. 
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The resistance V the armature co?1s is so low that extremely high cur- 
rents will flow through tfce'armature if it is connected m directly to its rated 
voltage while the motqr is stopped. Methods of limiting armature current 
during motor- starting are discussed later' in this module. When the motor is. 
running, armature current isClimited by the counter electromotive force (CEMF) 
of the armature coil. 

Recall from Module EM-04, "Generators and Alternators," that a voltage 
is 'induced whenever a coil moves through a magnetic field. This same process 
results in the generation of a vol.tage in the moving coil in a d.c. motor. 
The direction of the induced voltage is opposite the direction of 'the voltage 
applied. to the ctfil by the external source - thus, the name "counter electro- 
motive force." The magnitude of the 'CEMF d^ends upon the rotational rate of 
the armature. Increasing motQr speed results in. an increased CEMF. The arma- 
ture current depends on the difference in the applied voltage and the CEMF. 

A shunt motor wit/i noMnechanical load runs at a constant speed at which 
the CEMF is slightly less tha~n the applied voltage. The small arm&ture cur- 
rent produces a torque that balances the frictional torque of the motor. If 
the mechanical load'or> the motor is increased, the armature slows down slightly 
This reduces the CEMF and, thus, increases armature current. "The increased 
current produces greater output torque to maintain motor speed. 

■ The characteristic curves* of a shunt motor are shown in Figure 13. .The 
motor current is actually determined by the motor load and increases as load 
increases, but characteristic curves are typically drawn as a functjon of cur- 
rent rather than load. In the shunt motor, there is a slight drop iVspeed 
arload s arid current increase. The full-load speed is typically 5 to 15% less 
than the no-load speed. Thus, shunt motors run at nearly constant ,spe6d for 
any load below the rated capacity and do not slow very much even, when greatly 
overloaded. ' • ' 

The speed of a shunt motor can be controlled by. controlling either the 
field current or the armature, current by technique's discuss.ed in a later sec- 
tion of this module. Shunt motors without speed controls are used to drive 
machinery designed to, operate at a constant speed with variable load and rela- 
tively 'low starting torque, c^. ' |p 

;> If the shunt coil of a motor/is disconnected fronrthe voltage source 
while the motor is in operation with the -armature connected, the strength of 

» 
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Figure 13. Operating Characteristic Curves of a 
Typical 15-hp, 230-volt, Shunt-Wound d.c. Motor. * 

, the stationary magnetic field decreases to the residual field of the stator 
core. This greatly reduces, the armature -CEMF and proportionately increases- * 
armature current. The motor speed will increase because of the torque pro- 
duced by the large current flow through the residual field; but the^rmature 
^ may be destroyed by overheating due to excessive current. If the motor is 
* initially operating with no load or a light load; its speed will increase 
until the commutator and windings fly apart. Circuit breakers are often in- 
cluded in the armature circuits of shunt motors 'to open the circuit in case 
of field coil failure. * 

In the series motor (Figure 12b), the armature and field coils are coft- 
nected in series. The field coils consist of a few turns of large wire since 
they -must -carry the large armature current. The shunt mortor will run at a 
constant speed with a constant load with its current limited by the CEMF of 
its armature. As Ipad increases, speed decreases.^ This reduces the CEMF^ " 
allowing more cjtPrartsto flow through both the field coils and armature ceils. 
The higher field current produces a stronger field, and the motor stabilizes 
at a lower speed with higher torque and higher current. 

\ * 
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The characteristics of aperies motor are shown in Figure 14. The torque 
'of the series motor increases as the square of the current. This allows much 
greater starting torques than those of shunt motors, *^r this reason, series 
mfe&rs are often used in cranes and for traction work where large starting 
torques are required. • / 
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Figure 14. Operating Characteristic 
Curves of a Series d.c. Motor. , 

If the load of a" series motor is reduced, the motor speed increases,, 
and the motor current decreases, as shown in Figure 14: If the load is re- 
moved entirety, J £he .speed will increase until the motor is destroyed. For 
tjlfis reason, a series^moctor must never be connected to an- electrical power 
source unlesS it is al|p connected to a mechanical' load. Series motors shou>ld 
never connected to a mechanical load by a belt drive. If the belt breads, 
the motor will "run away. 11 In a series motor, current-decreases as* rotational 
rate increases* Thus, limiting motor current will jiot limit motor speed. The, 
speed of a series motor* varies greatly with load and cannot be regulated, al- 
though .motor speed with a constant mechanical load can be changed by changing 
the applied voltage. _° 

The compound motor (Figure 12c) has both shunt and series coils in its 
stator. Thus, its characteristics lie between .those of the shunt motor and 
the series motor, as shown in Figure 15. The speed of the compound* motor 
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changes as load changes, but the change is less than for the series motor. 
The low speed (high current) torque of d the compound motor is greater than that 
of the shunt motor but less than that of * the series motor. With no load, a 
typical compound motor runs at a speed of about 20% greater than its loaded 
speed. Compound motors are available with a variety of characteristic curves., 
depending upon the relative fiefd strength provided by the series coils and 
the shunt coils. - 
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5 * 10 15 20 * 25 30 

* ' x CURRENT IN AMPERES 

tf ' * • " " ' 

.Figure 15. Speed-Torque Characteristic 
y Curves for. Compound, Shunt, and Series 

• d.c. Motors o'f Equal Size. ~ 

"Compound motors are used for loads requiring high starting torques or 
for loads subject to* -large torque variations. Applications include elevators, 
air compressors, printing presses, t and conveying machinery. The, speed of com- 
pound motors cannot be regulated as can that of a shunt motor, but the speed 
at a constant load can bfc~ varied by varying ^the shunt field. The compound 
motor will not H ruri away" vf its load is removed/ but it will behave .similar 
to a shunt motor if its shunt coil is disconnected during motor operation. 

D.C. MOTOR CONTROLS 

Small d.c. motors can be designed for "across the line" starting i% 
which 'the motor is started by connecting it directly to a voltage source at* 
the motor voltage rating. Motors larger than 5 hp and many smaller models 
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Figure 16. Motor- 
Starting Circuit. 



require starting resistors in series with the 
'armature to limit-armature current to a safe, 
level -during* starting. * 

Figure 16 shqfos the starting circuit of 
a shunt motpr. The 'main switch is closed, 
with switches 1, 2', and 3 opened. The total 
resistante (Rj + R 2 + Ra + armature* resis- 
tance) limits the armature current to about 
200% of the rated maximum current. This momentary high current provides 
additional startin^torque but dogs not flow long enough to produce a large 
temperature* increase. The shunt field coils are connected directly to the 
power source. < Thus, shunt field strength/s not affected by the starting 

resistors. 

Figure 17 show§ motor speed 
atid.armature current; during start- 
ing with the circuit in Figure 16. * 
Armature current decreases as speed 
decreases." When armature current 
has fallen to 100% of the rated 
value, switch 1 is c*6sed, v short- 
ing R x .\ This increases armature 
current again to 200%' maximum^ and 
motor speed increases. This process 
is continued until all the* series 



o 

UJ2O0 



o 
z 
< 

z 

UJ 

oc 

, cc 
o 



R 2 *3 
CUT OUT CUT OUT CUT OUT 



^S-— CURRENT 




V 


V 


SPEED 


^ ^ 

V 


% ' f T4ME 



Figure 17. Current and Speed-.Versus 
Time During Starting Operation. 
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r'esistance'has been removed and the motor -is running at its rated speed. The_ 
number of resistors in motor starter circuits varies from two to a dozen, 
depending on the characteristics of the -motor to be started. 

• . When a similar starter circuit is used with aperies motor or a compound 
motor, the series field coil current is also increased to a maximum of 200% 
of the rated value. This doubles tfce series field strength and accounts for 
the greater starting torque of the series motor. * . 

Figure-18 shows a manual three-terminal motor starter. The operating 

.handle .is, moved forward by hand to remove. the series resistors. ' With alT the 
resistors removed, the handle is held in place by a holding coil connected 

'in series wvth fhe shunt field. If "the shunt field current is interrupted ■ 
. \ 
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Figure 18. Connection of Three- 
Terminal Manual Starter, 



for any reason, this coil is 
de-energized, a'nd a spring' re- 
turns the operating handle to 
the original position and in- 
terrupts armature current.' 
This protects the shunt motor 
from run-away due to t reduced N 
field current. 

I^tHfe speed of a shurrt 
motor is controlled by con- 



trolling the shunt field current, the holding coil dbrrent may be reduced to 
a value th'at will not hold the operating handle. In ^his/case,, the four- 
terminal starter shown ifl Figure 19 caw be used. The foVding coil is this 

starter is wired in^ries with the ar- 
mature. This assures the holding power 
of the coil but does not provide any 
protection from armature current or speed * 
increase* if the fi^d coil fails. 

In automatic motor starters, the 

U 




Figure 19. Connection of Four 
x Terminal Manual Starter. 



resiS/tori in series with the armature 
are removed automatically. Ia' definite- 
time automatic starters, time delay re- 
lays are used to short circuit the resis- « 
tors after a definite time. Such starters must be carefu-lly matched to'both 
ttfe motor and the' load for proper performance. When d.c.'mbtors are to be 
started automatically under varying load conditions, current-limit automatic 
starters are used. These starter circuits change ^eries resistance in re- . 
sponse to' armature current rather than at a fixed rate. , 

Figure 20 shows a CEMF motor starter circuit. Pressing the* start button 
energizes coil M and closes all contacts labeled 'Win the 'diagram. This 
connects the applied voltage to the field windings and to the series circuit- 
composed of the armature and R x and R 2 . Coil Ms connected in parallel wi.th 
the armature. Initially, most of the voltage drop is across Ri and R 2 , and 
the armature voltage drop is too low to energize coil 1. As' motor speed in- 
creases, the armature CEMF increases to produce an armature vo'ltage sufficient 
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Figure 20. Connection .of 
CEMF Starter. 
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to energize coil 1, closing s the. con-: 
tacts labeled 11 1" uM:he diagram and 
shorting % R X • 

Coil 2 is identical to coi? 1>— 
and is also connected across the ar- 
mature. Resistor R in series with 
coil 2 reduces current through thir/ 
coil. This means' that a greater ar- 
mature voltage is required to ener- 
gize coil 2 than that required for 
coil \. When the motor CEMF reaches 
this value, coil 2 'is energised, 
shorting both R{ and R 2 . - The' 
normally closed contacts labeled ' 
"2" also open to remove coil 1 
from the circuit and protect it, 
from over-current conditions. 
This starter circuit shows only* 
two resistors* and coils for'sim- 
"plicity, but practical starterr 
may contain several additional 
coils and resistors. ' / 

^ Figure 21 is a schematic' 
for a series locked-out d.c>. 
motor starter. ^ The Relays , used ' 
in this circuit are" shown 4h Fig 
ure 22a. ""taclr contains^ twoLcoils v * 

The top coil T acts' to .close s the rejay contacts. Its core contains little 
iron and is* easily saturated by d.c. 'current flow through the coil. The bot- 
tom -coil B acts to open the' relay contacts. m Its coil contains considerably 
more .iron 'and does not saturate at formal operating-currents. ^ The -torque 4 - 
versus current curves of the two coils'are shown in Figure 22b-. » 

•In ;the smarter circuit, the* twct coils* are Connected in series and carry 
the same current. At low current values, the' top coil holds the relay pn- 
tacts ^closed.. , If current* excee^'a^ predetermined value, the vtorque of coil B 




r 2T 



3TOf> 



start 



Figure 21. Series LocKed-Out 
Starter Detatls. 



exceeds that of coil T, and the* contacts are opened. 
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UN CLOSED POSITION) f " 



* CURRENT i 

b. TOROUE VS. CURRENT CURVES 



• Figure 22. Serie^ Lock6d-0ut Contactor. 

4 ' * v ; . ; " 

When the start button in Figure 21 is pressed, coil M is energized, and 
all contacts labeled *H H 4 lose/ The armature current fli)ws through resistors 
. . Ri and R 2 and through coils IT and IB, /which are located togetherlon 'one relay.s 
Since the initial current exceeds^the maximum running current, coin IB holds 
contact '1 open.- When ^he current has dropped to the fta-ximum rat^d current, 
co-il IT closes contact 1. .< This connects -the series combination'of xoil 2B 
and 2T in parallel wi*Ji IB and Ri., Since the re$jstance"of R x greatly exceeds 
that of 2f5 and 2T,*most of the current flows through the coils of relay 2. 
This cu/rent also fTow$ through coil YT df relay 1 to ma.i ntai n 1t in the closed 
position. At this poin^, armature current is limited by R 2 to a value of 2Q0% 
-of the rated current: Thus*, coil 2B holds contact 2 openT" When 'the current 
once again drops to the rated value, the torque produced by coil 21 exceeds ^ m 
that Qf 26, and contact '2 closes. This removes resistor R 2 and coil 2B from 
the circuit. The armature current continues* to flow through coil 2T to keep . 
contact 2 closed. Coil 2T 1 js an auxiliary coil includedHn relay 2 to main- 
tain it in the closed position &t low armature currents-; 

Once a shunt motor has been brought into 'operation with all series start- 
• ing resistors removed from its armature circuity its speed can be controlled 
by controlling either its armature voltage or, field current. Figure^a shows 
a varij^l e resistor in series with the armature of a*shunt motor. ^Increasing 
the resistance of this series -Vesistor increases, its voltage drop and decreases 
the voltage drop across the armature. This results in lower motor speed- 
This technique is seldom used because large amounts of power must be dissipated 
by the series afrmature rheostat. Starting resistors should -never be-4eft in 
the circuit for this purpose because they are rated for intermittent operation 
only and will soon be destroyed if placed in continuous operation. 
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: * Figure 23.. Speed^/ontrol Circuits for Shunt Motors. 

Figure 23b shows a shunt motor in which the speed is controlled by a 
rheostat in the field circuit. Increasing the resistance reduces field cur- t 
rent. This reduces armature CEMF-and results/Tn 'higher armature current and 
increased mo'tor speed. The rheostat carries orvly the small field current and 
does not consume jjngh power*. This technique is commonly used for speed con- 
tr^on shunt'motors to vary the speed by as much as a factor of four. 
f % Figure 24 shows the Ward-Leonard system 'of spee^control often used in 
large d.c. "motors requiring operation oyer a, wide range^of speeds. The shunt 
fiejd cojl is. energized by a > 
constant d.c. voltage applied -"j | 

from the power soqrce. The 
armature current is §jupp>ie<* 
by a d.c. generator that is 
jowered by a separate constant- 
speed motor.- The field, coi^s 
of the generator are energized 

by thev-same voltage source that provides the d.c. motors field current. A 
^variable resistor is used to control the generator field current. When the 
generator field current* is zero., no voltage^, inducedjin the generator rotor 
Thus, no current is. supplied «to the d.c. motor armature and no torquS is pro- 
duced. Increasing the generator field strength increases the^otor armature 
current and motor speed. % . ^ , 

, The speed of a compound' motor cannot b£ set at a fixed value as in the 
shunt motor, but »a" rheostat in series with thel'shunt coil can be used to ad- 
just its speed at a constant load. This is^ not a common practice since com- 
pound motors are usually- employed with variable loads.' The speed of a series 
motor can-be changed by the use of af variable resistor in series with both 



Figure 24. Ward-Leonard System 
of Speed, Control . 
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the armature and field coils; but this is rare excep"t in the case of hand- 
held power tools. c 

The direction of rotation of ad.c. moter can be reversed by reversing 
th^connections of either the field coils or the armature. Reversing both 

connections wi.lf n<5t change the directioiyof rota- 
tion. In the' Ward-LeonaVd system, motor armature 
current is reversed by reversing the field current ' 
in the -generator? 

An "electric motor can be stopped ^disconnect- 
ing its power source and~allowing the motor to coast 
to a stop. If more rapid stopping is„ required,- 
braking can be provided by two means. .Figufe 25 
shows a friction brake used to stop a motor. A 
solenoid presses the brake shoes against a pulley 
to 'provide* friction. Figure 26 illustrates dynamic 
braking in a shunt motor.- The shunt field remains 
energized. The armature is disconnected from the 
power source and connected to a resistive load. The rotating armature gener- 
ates a voltage that produces a current through the resistor. The motor func- 
tions as a loaded generator with no mechanical input power and rapixily comes 
to a stop. ^ < ■ 




Figure 25. 
Friction Brake. 
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Figure 26. Connections of a Dynamic Brake 
to a d.c. Motor. 
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MOTOR EFFICIENCY 



•Figures 13 and 14 include curves showing motor efficiency for shunt and 
series motors .^s functions, of motor current. In both cases, the maximum effi- 
ciency occbrs at the rated motor load. Thus, maximum efficiency in the con- 
version of electrical energy to mechanical energy is achieved when an electric 
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motor is operated near its rated load ; Exceeding the rated load for a long 
period of time will ca'use the temperature of the motor to increase to danger- 
ous levels. Operating a motor at. a fraction of its rated load is inefficient* 

\ Thejnaximum efficiency of a d.js- motor, varies .from about 75 to 93%, de- 
pending on motor size and design. Shunt field losses are due to the electri- 
cal resistance o'f the sfjunt .coil s. -Armature circuit losses are due to resis- 
tance of the armature coils, brush contacts, and series field coils. No-load 
rotational losses include hysteresis and eddy currents in the armature core 
and air and bearing friction. Stray Toad losses are difficult" to determine 
exactly but include uneven distribution of current among parallel windings 
and distortions in- the magnetic fields. v " 

MOTOR MAINTENANCE AND -TRODSteSfiOOTTNG 

* 

Volumes can be written on motor maintenance and troubleshooting, anct many 
•have been. This section discusses briefly some of the more common problems 
encountered and ways they can be prevented or corrected. Failures in ti.c. 
electric motors can be grpuped jhto three „broaki categories: 
• • bearing failures^ ^ / v 

• Commutator failures . # 

• Open or shorted coils ^ 

' Bearing failure occurs because o,f improper lubrication or because of 
excessive loading of the be&ri ngs w . Routine maintenance of electric motors , 
shoifld include a regular schedule of bearing .lubrication. Misalignment of 
external shafts connected to "the motor shaft is the major cause o,f bearings 
wear. Motor beariags should have a running temperature of no more than 40°C 
above the -temperature of the surrounding air. A bearing that is too hot to 
touch is well on its way to failure and should be inspected immediately. 

Commutator and brush failures can result from a variety of causes: They 
are usually evidenced by excessive brush sparking, streaking or burning 6f 
the commutator* or brush '"chattec. " Some of the more common* commutator faults 
and their causes are' listed^below. . , v \ 

• Brushes that fit tOo.lQosely in their holders tend to vibrate or chatter. 
This results* in sparking and excessive brush temperatures. 

• A broken -bru^h tension 'spring or dirt between the brush and brush holder 
may result in poor contact between ihe brush and commutator. _ 
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• A buildup of oil or other films on the commutator increases the electric 
cal resistance between the commutator,' and brushes. Eventually an arc 
will burn a hole in this film. This .produces uneveQ current distribu- 
tion acrosscQiall&ru^a^leads to "streaking" around, the commutator. ■ 

• Some soft brushes cause excessive commutator wear due %o "copper picking." 
Small amounts of copper are deposited on the brush surface. The lowered, 
contact resistance at Jthese points results -in uneven currant distribu- 

' tion that can cause severe; uneven cpmmutator wear, 

• When a motor is. not operated for long periods of time, mild acid formed 
from moisture and -contaminating gasesJn the air can set up battery action 
between the carbon brushes and the* metallic commutator. This etches a 
"footprint" of the brush into the cotfimutator surface. 

• flost d.c. ^motors are designed so the brush location can be rotated cir- 
.cumferentially far the -best operation. If the brushes are shifted from 

the optimunTposition, sparking and poor performance may result. 

For proper performance^, the commutator and -brushes should be kept clean 
"and free of oil or other films. Worn brushes should be replaced only with 
exact replacements and should be aligned with care* 

O^en circuits in the field 1 or armature coils can occur because of mechan-^ 
ical^failure or conductor melting due to *exces$"TVe „ currents. Such fatrtts can 
. be located easily with 1 an ohmmeter. The shorting of field wifldings^b^cause 
of insulation failure is a much more common problem. The leadi^jHuse\ of 
insulation failure is moisture -in the field coils* Moisture can/enter^he 
coils from external fluid leaks, mists, agid~splashes, '}f motors ace^lale for 
iong periods in hfgh humidity, moisture will^condense in the field coils. , * 
Motors and generators should never be operated when damp. 

The condition of the field coil insulation can be checked by measuring 
the**eTect^ical resistance between the field coils and the statqr frame, _If 
the resistance is less than one megohm, the motor should be dried before oper- 
ation, .This can be accomplished by removing the rotor and drying the field 
coils with heating lamps or by passing a small current through .the coils." „ • 
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EXERCISES 



SHUNT COIL 



SERIES COIL 



ARMATURE 




WTERPOLE 
COIL 



1. The diagram at the right shows 
the electrical terminals of a 
compound motor with one inter- 

,*po1e. Draw the .electrical 
connections of this motor.. 

2. * Explain what happens if the 

mechanical linkage between a 
series. motor and its load 
fails while the motor is in 
operation. * r * 

3. . Explain what happen^ if the field coil of a 'shunt motor fails during 

motor operation. 

4. Explain the difference in three-pole and four-pole manual motor sta/ters , 
and the advantage of each. 

5. *Wor circuits require switching of large currents, this can be accom- 

plished with an air circuit breaker or a magnetic blow-out circuit breaker 
-locate descriptions of the operation of these devices in the library and 
• ) write a brief description of each. ' , 

6. *' Disassemble .a d.c. electric motor and sk'etch the parts. 

7. ' Write a brief^description of how CEMF limits the speed of a shunt motor. 



LABORATORY MATERIALS 



d.c. -shunt- motor, 115 V d.c, 1 hp, 1200 rpm, with pulley 
d.C. mil liammeter, 0-250 mA 
d.c. ammeter; 0-20 A 
d.c. voltmeter,. 0-T50 V 
Four SPST switches, 1*15 V d.c, 20 A 

DPST switch, 115 V d.c. , 20 A c 



4fl, 50-W resistor , 
2Q, 20-W resistor 
lfi, 1,0-W ^resistor 
0.'5S2, 5-W resistor - 



V 



X23 
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500Q, 100-W rheostat 
d.c. power supply, 115 V d.c, 20 A 
Prony brake 
Scale, 0-5 lb 

Water cooling for prony brake 
Splash shield for motor 
Tachometer 
Connecting wires 
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LABORATORY PROCEDURES 



1. | Fill in the motor specifications in the Data Table^ 

2. Construct the circuit shown in Figure 27. Do not connect prony brake 
' to motor*. 



4. 
5. 



5. 



D.C. POWER 
i SUPPLY 




ARMATURE 



Figure 27. Experimental Motor Circuit. 

Set the field rheostat for minimum resistance. Open switches Si, S 2> S 3 , 
and Si* . 

With power switch open, turn on the d.c. power supply. 
Close power switch momentarily and observe direction of motor rotation. 
If motor 1 rotation is not in the proper direction for use of the prony 
brake, reverse the connections -of the shunt coil and check again. 
Start the motor, using the following procedure: 

a. Close the power. switch while watching the ammeter. The current will 
assume a high value momentarily and drop off/ 

b. When the current drops to about 7.5 A, close Si. The current will 
rise again. 4 • 
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c. Close S 2 ,'S 3 , and in succession each time current drops to 7.5 A. 
NOTE: With the motor unloaded, the speed will "increase rapidly and the 
current will drop rapidly. 4 

7. When the motor reaches constant speed with all switches closed, measure 

* and record "rotational rate, field current, armature current, and applied 
--""Voltage in Tr-ial 1 of the Data Table. 

8. Turn off the power switch and operr Si-S^.-* 

9. Attach the'prony brake, as shown in Figure 28. Tighten the wing nuts 
enough to hold the prony brake in place as the motor rotates but not_ 
enough to- produce significant friction; Be sure the splash shields and 
water supply are in place/ 




SCALE 



DIRECTION 
OF FORCE <F1 



PULLEY 



10. 

11. 

12. 
13. 

14. 



15. 
16. 



Figure 28. Prony Brake. 
* 

Turn on motor, using procedure from Step 5. % 

Turn on prony brake cooling water. Verify cooling of the brake and splash 

protection- of the motor. 

Calculate the force indicated on the scale when the motor is at full load 
by dividing rated torque by leVfer arm. 

Tighten the wing nuts to produce one-tenth the value calculated in Step 
12. Record voltage, armature current, rotational rate, and force in the 
Data Table. 

Increase the tension of the prony brake in steps of one-tenth of rated 
force until a maximum «of 120% of the rated force is reached, recording 
data after each increase. 

ReduceTSnptor load to 75% of rated value and turn off the power switch. 
Open switches Si-Si*. 
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17. Start the motor under load, following the previous procedure. -Note 

differences in starting with a load and in starting with no load in the 
section of the Data Table headed "Motor Starting." , . 

18* ' Reduce the prony brake tension to the minimum. 

k 19. Set the field control rheostat to produce a rotational rate of one and 
a half times the rated value. Record the field coil "current in "Trial 2 
of the Data Table. * • 

2Q. Repeat Steps 13 and 14 for this rotational rate. 

21. Turn. off the motor and cooling water. Remove the prony brake fr^rt the 
motor, and set the rheostat for minimum resistance. 

22. Restart the motor. Change the motor speed by adjusting the field rheo- 
^ ^stat. Record the field current and rotational rates in the Data Table. 

Do not exceed 200% of the rated motor speed. 

23. Turn off the motor and power supply. 

24. 'Complete the Data Table. 

1 rpm = tt/30 rad/sec 
/550 ft 'lb/ sec = 1 hp^=* 746 W 
•Total current = field current + armature 'current 

25. Plot the fallowing tjraphs on three sheets of graph paper: 

a. -.Torque, , speed (rpm), and efficiency versus total current for Trial 1 

b. Torque, speed, and efficiency versus total current for Trial 2 " 

c. Speed versus field current 

Portions of this laboratory procedure can 'be modified to determine- tl\e 
output characteristics of series motors and compound motors. Recall that 
series motors must never be operated with no load. 
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DATA TABLE 



DATA TABLE. 



Motor Specifications: 
Voltage ,J_ V 

Current A 

T RIAL 1 : 

Field coil current 
Full load force 



Power 



hp 



• rpm 
Torque 



Voltage 


Armature > 
Current 


Total 
Current 


Input 
Power 


Rotational 
Rate 


Lever 
Arm 


% Force 


Output 
Power 


Efficiency 


V 


A 


A 


W 


rpm 


rad/sec 


ft. 


lb 


ft«lb 
sec 


W 
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Motor Starting: 
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n* taJTabl e ♦ Conti nued , 
TRIAL 2: 



> ' 



Field coil current 



Voltage 


Area ture 
Current 


Total 
Current * 


Input 
Power 


Rotational % 
Rate 


Lever 
Arm 


force 


Output 
Power 


Efficiency 


V 


A 


A 


W 


rpm 


rad/sec 


ft 


lb 

— *k 


ft.it 
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% 
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MOTOR SPEED CONTROL (No Load): 
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ENERGY TECHNOLOGY 

\ • CONSERVATION A*NP USE 



ELECTROMECHANICAL DEVICES 




MODULE EM-06 



O R D CENTER FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT" 



INTRODUCTION 



An a.c. electric motor Is an electromechanical device. that converts al- 
ternating current electrical energy into rotational mechanical energy. This 
motor ranges in size from a' clock motor with powers. of 0.003 horsepower to an 
industrial motor of 1000 hp or, more. An a.c. -motor can be conveniently clas- 
sified in the following three categories: „ 

* • Synchronous motor - rotates at a rate that is an. integral fraction of_ 



~-the"-cipptted-tr.c ; . frequency, the rotor has permanent magnetic poles that 
loci in' step with the rbtati ng fi eld of the stator. • ' 

• I/idugti on motor - rotates at 'si ightly .less than synchronous- speed. 'The 
magnetic" field of the rotor is -produced by currents induced ^n the rotor 

' coils by the changing stator .f Tel d. 

• Universal motor- - simi l§r to- a d.c. series. motor in construction and 
^operation. «• • 

Tfiis module discusses the construction, operation, control,, and applica- 
tion of a,c. motors. In the 'laboratory-, the student will .-operate three types 
of a.c. motors. _ 

• PREREQUISITES 

The student should have "completed Module EM-05 ^"Electromechanical 
Devices'." - - j 

- OBJECTIVES 

Upon completion of thi,s module,. the student should be able to: 

1. Explain what changes -occur in the stator magnetic field of>a six-pole, 
three-phase a.c. motor during three compete cycles of the applied a.c. 
current. 

2. Explain "the difference Jn the 'origin of .the rotor magnetic field in a 
synchronous moter and "arPffrdu'ction motor. 

3. Given the. frequency of .the a.c. current of an induction motor and any 
three of the following quantvties, calculate the fourth^ *• # 
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a. Number of jnagnetic poles itt the rotor' * 
- b. Synchronous speed x - t 

c. Operating* speed ^ - ► 

% d. Slip £peed ? in percent ofss$p£hronous speed 
4. Explain the di/ference in the" power factor of a synchronous motor and 
an induction motor. s - — 
- 5, ExplaiV with the use pf diagrams, the difference in a salient-pole rotor 
and a nonsalient-pole rotor in a synchronous motor. 6 ; 
6- Explain the purpose of damping coils in a synchronous motor. 
7.. Explain two methods of. starting synchronous motors. Include when the 
rotor fielc\ should be energized. 

8. Draw curves showing torque versus motor speed for three induction motors 
with , three different values 'of > rotor resistance. * , 

9. Explain the differences in characteristics, applications, and efficiency 
of Class A, B, C, and D induction motors. ^ 

10. Explain how the speed .of a wound rotor motor is controlled. 

11. Explain how a rotating magnetic field'is produced in ,each of ^^fr^fcUJow^ 
ing sjngle-phase induction motors*: . " 

/ a. Split-phase motors- ■ t * / 

b. Capacitor-start motors 

c. Repulsion-Induction motors 

j d. Shaded-pol'p motors ' 
12/ Compare the starting torques of the motors in the. above objective and 
state an application of each type. 

13. ; Explain the characteristics of capati tor-run , single-phase, induction 

motors that make them popular in sizes of 1-5 hp* / 

14. Explain, briefly, three methods of changing the speed of a- single-phase 
induction motor. / 

15. Explain two methods of changing the speed of a universal motor. List an 
application employing each method. ' / * 

16. ' Given the appropriate equipment, oper^ate thefol lowing motors in the 

laboratory: s * • V * 

a. Universal motor with speed control / • g 

b. Shaded-pole motor with speed control 

c. Capaci tor-$tart Inotor with and without. l%ad 
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SUBJECT MATTER 

0 

THREE-PHASE A,C, MOTORS 

ROTATING 'MAGNETIC FIELPS , " / 

Figure,! shows the location and connections of the field coil of a three- 
phase a.c. -motor. Two complete cycles of the three currents through the stator 




a. CONNECTIONS " b. SCHEMATIC 



Figure 1. Stator Windings (if 
Three-Phase a.^Jlotor. 

coils are shown in Figure 2. % Figura T'Shows thp resulting^ magnetic field at. 
the times indicated by numbers corresponding -to the same numbers in Figure 2: 
for example, at time "0," current (conventional-) flows into the stator on line 
1 and out on lines 2 and 3, producing the magnetic field shown* in part M 0" of 
Figure 3. One-twelfth of a cycle later - at time 'T* - current flows in on . 
line 1 amf out on 3 only, producing a field that has rolated clockwise, as 
shown in^part "1" of Figure 3. As time passes, the magnetic field of the . 




Figure 2. Two Complete Cycles of. Current Form 

in a Three-Phase Machine. * ' 
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Figure 3. Electric Current and Magnetic Conditions in a Two-Pole, 
Tfiree-Phase Motor for Each 30° of a Complete Cycle. 



\ 



stator continues to'rotate, ftiaki ng one complete revolution for each cycle Qf 
the, applied "three-phase current. This rotating magnetic field is the basis 
/-of operation* of all .three-phase a^. motors. 

' SyNCHRONOilS MOTORS • . • ' . * 

A' synchronous motor is formed placing a rotating magnet inside the 
stator. The rotating magnet locks in step with the rotating field and makes 
one complete rotation for each complete cycle of the applied a.c. voltage. 
Thus,' motor rotation is synchronized with the applied voltage, and the motor 
runs at a constant speed equal to the applied frequency. Synchronous motors 
cai£ be constructed to rotate at ah integral fraction of pe applied f regency" 
by including additional sets of stator coils and additional pole pairs Von the 
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rotor. -A motor with three stator coil sets and three pole pairs on the rotor 
(a "six-pole" motor) has a sj)eed equal 'to one.-third of the. applied. frequency. . 
The stator of this motor is wound to have a magnetic field with sixties - 
that rotate at one-third of the applied frequency. For a 60-Hz driving vol.tr- 
age, such a motor will rotate 20 times per second, or at 1200 rpm. 

) 

iw\fcnou MOTORS ■ { - ' i ? " 

An induction motor is found by placing a closed conducting loop inside 
the stator. A simple single-phase induction motor is shown in Figure 4. The 
rotating magnetic field induces a 
current in the «close"d loop and, t!hus, 
-magnetizes the rotor. The induction 
motor operates on the same principle 
as a transformer. The transformer 
primary is the stationary stator wind- 
ing;.tR^secondary is the .closed loop, 
conductor of the rotor. The magnetic 
forces between the stator field and 
the rotor field cause the rotor to 
turn. in the direction of rotation of • 
the field, in the three-'phase induction 
' motor. 



ROTOR WITH 
CLOSED LOOP" WINDING 




'STATOR WINOINO 



Figure-4. Simple Motor/ 



• An induction motor does not rotate at synchronous speed. The rotor mag- 
netic field s depends upon the' a.c. current induced in the rotor coils by the, 
tfansformer'action of the varying (rotating) magnetic fiefti of the stator. 
If the rotor -reaches synchronous speed-, it no longer experiences a varying 
jnagnetic field. At synchronous speed, .the rotor magnetic field. is constant, 
and no cur/ent is induced in the rotpr. The strength of the rotor field de- • 
"creases," and the rotor "slips" with respect to the rotating field. As the 
rotor slows slightly, it is once again subject to a> varying magnetic field, 
ana a low frequency va.c. current is induced. in the rotor coils. The differ- 
ence in the synchronous speed of the motor and -the actual speed is called the 
"slip" speed"; this is between 1 and 5% of synchronous speed for most induction 
motors. -Induction motors are usually rated in terms "oft synchronous speed; 
thus, an 1800 rpm induction motor will .actually have a speed of 1 to 5% less 
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than 1800 rpm (\710-1782 rpm); Like synchronous motors, the-synchronous speed' 
of an induction motor is determined by the number of coil sets in its stator 
arxl corresponding pole pairs in its rotor. * # - 
- N ^ Motors are classified according to the 'number'of poles (twi)^e the number 
of pole pairs) on the rotor. The synchronous speed of a motor is given by 
Equation 1. 



syn 



120 f 
N 



Equation 1 _ 



where; 



S syn = Synchronous speed in rpnv * 1 
\ *f = Driving*frequency in Hz. ' ' 

> N = Number of poles. • 

, Example A shows the use of this equation in solving a problem. 



EXAMPLE A; SPEED OF AN INDUCTION MOTOR. 



Given: . A thtee-phase, 12-pole, <60-Hz induction motor has a slip speed 

of 3% of its synchronous speed. 
Find: Operating spegd. \ " • 

Solution: r • _ 120 f * . 



°syn 



N 

s 120 (60) 
12 



S syn = 600 rpm 



S o = s syn "* s sli> 



* 



'= 600 rpm - (O.O3)(6O0 rpm) 
= «600 rpm. 18 rpm ( 
S 0 = 582 rpm 



VODER FACTOR IN A.C. MOTORS 

• In a.c. .circuits, ttfie power factor is the cosine of the phase angle be- 
tween the voltage and the current in the circuit. The apparent power of the 
circuit-is the product of voltage and current and is the yecfe^um of .true" 
pdwer ahd reactive power. True power in a 510 tor is the p£we£ s t&it is con- 
verted to mechanical energy or heat energy.^ Reactive power is. power- that Is 
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accepted from the power source during partspf the cycle, and returned during 
another part of the cycle. . The relationship of apparent power, true power, 
reactive power, and power factor is shown in Figure 5. 









REACTIVE 




POWER 




POWER FACTOR s COSINE * 


TRUE POWER 


' TRUE POWER 9 APPARENT POWER X POWER FACTOR 



r 



Figure 5. The Power- Triangle. 



If current and voltage are in phase, the power factor is 1 and the reac- 
tive power is zero* If current and voltage are out of phase, the power factor 
is less than 1. At a constant applied vol tage, ' reducing the power factor means 
that greater current is required to produce the same true power. This current 
increase ca uses addi t ional heating of co nductors and reduces system efficiency. 



If the Torrent leads the voltage, the power factor is said to be "lead- 
ing." If the current lags the voltage, the power factor is said to be "lag- 
ging." Induction c motors always have lagging power factors because the*rotor 
currents are induced by the stator fields* The power 'factor of a large high- 
speed induction motor is about 0.87 lagging. Smaller motors' and slower motors 
have lower power factors* The power factors of synchronous motors can be 
varied by varying the strength of the rotor magnetic field. , 

SYNCHRONOUS MOTORS 



ROTOR CONSTRUCTION 



\ 



The rotor jnagnetic field of synchronous motors is produced by d.c. cur- 
rent flow through- coils of thfe rotor. These coils are connected to an exter- 
nal d.c. supply by means of continuous slip rings and brushes. The rotor of 
a synchronous motor, is constructed in the same way as an alternator rotor. 
(See Module EM-04, "Generators and Alternators.") % 

Two possible configurations of rotors are shown in Figure 6. The salient- 
pole rotor has field poles boltett to a cylinder on a shaft. The coils are 
wound t on the poles and connected in series. The" nonsalient-pole rotor has 
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SALIENT POL 
BRUSH 



NO N SALIENT POLE 



1 l/" BftuSH 

ntp*- 8HAFT 

^^*SLIP «lHO 
SUP-fllNG DETAIL 




SLIP RJNQ 



I b. 

— — Figure 6. Salient-Pol^ an^!Nonsalieot-Pole Rotors. 

field windings set in slots in the solid Votor core. The nonsal ient-pole 
rotor is usually used for two-pole and four-pole rotors. Rotors with six or 
more poles are usually the salient-pole type. 

If the mechanical load of a synchronous motor is suddenly increased, the 
rotor slows slightly. The stator current increases to increase torque, and 
the rotor- accelerates. If the acceleration is too great, it will "overshoot" 
the synchronous position and begin to slow again. This osc/llation in speed 



BAR OF DAMPING 
WINDING 



is called "hunting"; can damage the motor and result Mn large current 
surges. 

Hunting can be minimized by the use of damping 
windings, as shown in Figure 7. Damping windings 
are actually solid copper bars that extend through 
the rotor poles. Each end of the bars is connected 
to a continuous copper ring (not shown) to form a 
"squirrel-cage" 4 winding similar to those used in 
induction motors and described later in this module 
If the rotor turns at synchronous speed, no current 
is induced in the damping coils, and they have no 
effect. If the rotor slows, even slightly and mo- 
mentarily, the ]farge currents induced in the damp- 
ing coils provide a torque pulse that moves the 
rotor back toward the synchronous position. If the rotor overshoots, the in- 
duced currents reverse to produce a\ torque that slows th^motor slightly. 




Figure 7. 'Salient-Pole 
Rotor with Damping 
Winding. 
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FIELD EXCITATION AND POWER FACTOR 

9 

The rotor field of a synchronous motor can be excited by an external d.c. 
power su^y, by a d.c. generator run by an a.c. induction motor, or by a di- 
rectly-connected d.c. generator 
called an "exciter. 11. Large synchro- 
nous motors are usually directly 
excited. .Such a motor is shown in 
Figure 8. 

Varying the rotor current does 
not change .the true power of a. syn- 
chronous motor., but it does change 
the power faqtor and the stator 
current. Figure 9 .shows stator 
current versus field current for 
a synchronous motor under several 




Figure 8. Synchronous Motor with a 

! airectl-y---Connected_ Exciier^ 



load conditions. At low field cur- 
rents, the current lags the voltage as. in an induction motor. At higher field 
currents, the current leads the voltage. 




. AMPHERES \H FUEIO 

Figure 9^ Typical V-Patitern Characteristics 
of a Synchronous Motor-. 
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The rated field current of a synchronous motor is the current that pro- 
duces a power factor of 1.0 at full mechanical load. Figure 9 shows that a 
reduction of load requires a reduction of field current to maintain maximum 
power factor and maximum motor efficiency. If a synchronous motor is to be 
operated at reduced load for long periods of time, its field current should 
be adjusted to the value producing the minimum stator current (PF = 1.0) for 
that load. * * , 

I/i some plants, the same power delivery system provides electrical power 
to both synchronous motors and induction motors or other "lagging" loads. • In 
those cases-, the synchronous motor field current can be increased to give a 
leading power factor that compensates for lagging power factors elsewhere in 
the system.* This will lower the motor efficiency, but it will reduce current 
in the delivery system and may increase total plant efficiency. ^ 

4 • • 

STARTING SVNCHROWUS MOTORS 

A -pure -synchronous^mator -deve-l-ops- t^dr-que only at or ne^r -synchronous 

speed; it has no starting torque. In a .directly-excited synchronous motor, 
the d.c. generator can be operated as a d.t. motor to bring the synchronous 
motor to ne#r. synchronous speed. The synchronous motor is then energised and 
will pull into synchronization and operate at constant speed, 

A more^common practice. is to use the damping coils as induction coils 
and start the synchronous motor as an induction motor. Any of the methods 
described later in this module for starting induction motors may be used. ' 
The motor must reach 95% of synchronous speed before the rotor field is ener- 
gized. Exciting the field too soon will cause the motor to act as an alter- 
nator, producing current surges in the stator coils and their supply lines. 

Synchronous motors are^ often designed with induction windings that can 
start the motor under full load. Figure 10 shows characteristic curves of 
such a motor. The torque and current curves shown are for induction motors 
starring with a rotor current of zero. The pull-in torque is the torque value 
that is supplied by the synchronous motor when its rotqr is energired. The 
motor then Achieves synchronous speed, and the induction torque drops to zero. 
The pull-out torque is the maximuto torque that the motor can deliver without- 
being pulled out of synchronization. If this torque value is exceeded, the 
motoc'will slow. t This can result in motor damage. 
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Figure 10. Speed-Torque and Speed-Current Characteristics 
of a Typical, High-Speed Synchronous Motor. 1 

If the rotor current of a synchronous motor is interrupted, the motor 
will slow and continue to run as an induction motor. Prolonged operation as 
-arritixlactfonniator-wi 11 -cause the rotor to overheat*- damaging the windings. 




The rotor field should not be re-energized if motor speed is les.s than 95% of fc 

\ * ' 

synchronous speed. % 

APPLICATIONS OF SYNCHRONOUS MOTORS - * 

Synchronous motors are rarely used in sizes below 20 hp, and most are \ 
100 hp or more; they* provide maximum efficiency for constant load, constant 
speed operation. In a System employing induction motors, synchronous motors 
can be run with a leading power factor tQ improve systeij power factor. 

High-speed synchronous motors (above 500 rpm) are used to drive centrif- 
ugal pumps and compressors, d.c. generators, fans and blowers, and belt-dtiven 
reciprocating compressors. Low-speed synchronous motors (under 500 rpm) are 
used to dri've reciprocating compressors (largest fi'eld of use), s'crew-type 
pumps, metal rolling mills^and a vtriety.of industrial devices requiring con- 
stant speed and torque* • ^ 

Small singla : phase synchronous motors off several types are used as clock 
motors and in other timing applications. The motors are made so they start 
as shaded-pole induction motors (discussed later in this module), but when 
they reach synchronous speed, their rotor cores maintain a particular magnetic 
polarity because of hysteresis. ' The poles of the rotor then-lock into step 
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with the pulsating stator field. Such motors typically require only about 
three watts of electrical input power. 

* THREE-PHASE INDUCTION MOTORS 



BARE COPPER BARS 



ROTOR CONSTRUCTION . 

• * 

The simplest and most commort type of rotor in induction/motors is the 
squirrel cage rotor shown in Figure "11. It consists of bare copper bars 

brazed-to copper end-rings. Large currents-are- in- 

duced in the low-resistance baps . No insulation is 
necessary because the varnish between laminations of 
the rotor core prevents current flow through the core. 
In small induction motors,. the rotor may be cast 
aluminum, as shown in Figure 12. The conducting bars 
are often skewed as shown in the figure to provide 
a more uniform torque and to reduce the magnetic vi- - 
brations present if the bars are parallel to the 
motor shaft/ 




-ENO SHORTING RINGS 



Figure 11 . Squirrel 
Cage Motor Rotor. 



HEAVY-DUTY 
RCSIN-PROTECTEO WINDINGS 



OOUBLE-SHlELOEO PREPACKEO BEARIN 



•tm SLEEVE IN 
CAST! NO AROUNp BEARING RACE 



VENTILATION CONTROLLING AIR SHR 



MOJO, DOUBLE-SUPPORTED CAST Ft! 




UOHTER* YET 
STRONGER CAST-ALUMINUM FRAME 



I PROVISION FOR Rf-LUBRICATldN 



DYNAM1CALLY-BALANCEO 
CAST-ALUMINUM ROTOR 



CAST JAN AT EACH ENO Of ROtOR 



CAST-ALUMINUM ENO CASTING 

Figure 12. ^quirrel Cage Rotor in an Induction Motor. 

ROTOR RESISTANCE AHV h\0T0R CHARACTERISTICS 

Figure 13 shows the torque speed curves of three induction motors with 
different rotor resistances. 
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Figure 13. Torque Speed Curves of Th»j[ee Induction Motors^. ^ 

Curve 1 is for a motor with high rotor resistance. This motor produces 
high starttqg torque. Its high rotor resistance limits the rotor starting 
current and, thus, limits stator starting current. This type of. /induction 
motor can be started by connecting it directly to the a.c. power line. The 
high rotor resistance causes a large slip speed and low motor efficiency. The 
speed of this motor changes considerably as motor load changes. 

Cgrve 2 is for a motor with a low rotor>resi stance. This motor produces 
a low starting torque. Its starting o^rent is high, and it can be started 
with reduced current and voltage, ,a^described in the following section of 
this module. The slip speech of this motor is low under full Ipad, and it 
operates at almost, synchronous speed. The low rotor resistance makes thi,s 
the. most efficient -type of induction motor. Most large induction* motors are 
of this type-. 

Ctffve 3 is for a motor with moderate rotor resistance. Its characteris- 
tics are a compromise between the two extremes. Induction motors are avail- 
able with a wide variety of characteristic curves, each suited to a particular 
type of application and each having'a particular rotor configuration. A cpm- 
plete discussion of rotoP design is beyond the scope of this module. 

STARTING* THREE-PHASE INDUCTION MOWRS 

Induction motors with high rotor' resistance (curve 1 of Figure 13) are 
usually started by connecting 'the motor directly to an- a.c. source at the, 
rated voltage of the^motor. The rotor resistance limits starting current to 
200 to' 300% of running current, and the high starting torque accelerates the 
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nier^r rapi^Ly^to running" speed. Motors with low rotor resistance can usually 
be started "across-the-line" if the line can deliver startnng currents that 1 
are about 600% of running current. 

Induction piotBrs are sometimes started by some means that limit current 
during starting. The following methods can be used: , 
, • Resistor* can be placed in series with the three-phase power lines to( 

limit current. 

• A three-phase vah'able autotransformer can be used to reduce applied 
* starting voltage. Multiple-tap transformers can also be used. 

; Inductors can be placed in series with the three-phase power lines to 
limit starting current. 

• The rotor; can have two sets of windings - a high resistance set far 
starting and a low resistance set that is connected after the motor has 
reached running speed. 

These techniques are also used to start synchronous motors with induction 
windings. ^_ \ 

♦ 

APPLICATIONS OF THREE-PHASE lNVU€T10h! MOTORS 

Three-phase induction motors are the most widely-used motors in powers 
of 5 hp and abov£. As previously mentioned, they can be designed with a wide* 
range of operating curves. The National Electrical Manufacturers Association 
(NEMA) has established classifications of induction motora as' the following 
types: ' , 

•Class A - Normal torque, normal starting current motors (highest effi- 
ciency , 

. • Class B - Normal torque, low starting current. motors 

• Class C - High torque, low starting current motors 

• Class D- High-slip motors (lowest efficiency) 

' • Class E - Low starting torque, normal starting current motors 

• Class P — Low starting torque, low starting current motors 

Most induction' motors are in thi first four classes. The torque curves 
of these motors are shown in Figure 14. 
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Class A motors are the most common type. 
They are used to drive low inertia loads that 
can accelerate to full speed in a few seconds 
in applications requiring infrequent motor 
starting.. These include fkns, pumps, compres- 
sors, a/ib conveyors. Class A motors can be 
severely overheated if started several times 
by across-the-1 ine starting in a few minutes. 

Class B motors are used when the power 
delivery system cannot provide the high cur- 
rents required to start Clas§ Ajpotors and 
when motor starting is % more frequent. Cl.ass 
C motors are used when higher starting torques 

are required with low starting currents, as in some compressors. ^ Class C 
motors have lower efficiency than Class A or B. Class D motors provide the 
highest starting torque, but they are usually too inefficient for continuous 
operation. \ 

The power factor and efficiency of an induction motor are lower\t lower 
motor loads. Motors are designed formaximum efficiency at the rated Toad and 
can operate safely with a small ovfrt^pad at only a smal^i*6ss in; efficiency. 
High-speed motors generally have .lower cost and weight and higher, efficiency w 
than low-speed motors. For greatest e.f ficiepeyT'the motor should be*carefully 
selected to match the load. 



PERCENT OF SYNCHRONOUS SPEED 

Figure 14. Typical 
Torque-Speed Curves for 
1800-rpm General -Purpose 
Induction Motors. 



WOUND ROTOR MOTORS 

Figure 15 shows the 
v rptor of a. wound rotor in 
duction motor. ,The rotor' 
windings are connected to° 
three slip rings, which 
are connected to an exter- 
nal resistance circuit b^f* . 
means of brushes. The 
control circuit of a wound 
rotor. motor is shown in Figure 16. 



3- PHASE 
INSULATED 
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SUP R1N03 
FOR CONNECTION 
TO EXTERNAL 
RESISTANCE 




Figure 15. A/Wound Rotor. 
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Figure 16. Diagram of a Starterf|6r Controller , 
*for a Wound Rotor Induction Motor. - 

The wound rotor motor is started by connecting it 5 to a three-phase power - 
source with the control circuit set" for maximum^ resistance. The motor speed 
can be adjusted over a wide range by changing the resistance of the control 
ciQjuit. This does not' provide constant speed fqr variable loads. At minimum 
resistance,, the motor -runs, near- synchronous speed for any load within its • 
rated range. At large resistance, the motor runs at only a fraction of syn- 
chronous speed, and the speed varies greatly as load varies. 

9 ■ Wound rotor motors are used whenever speed control or extremely high 
■sWrting^torques: are necessary. 

- — SWGL&PHASE UfoW^riON MOTORS 

Single-phase induct^ motors (the most common* type of electric motors) 
have running chararcteristics^similar to the three-phase induction motors dis- 
cussed above, f but special/techniques are required to start single-phase motors. 
A single-Ffoase'a.c.:,currdht produces an alternating magnetic field, but the 
field does not rotate. 0ncfc*4fC induction motor r ( otor is turning, the alter- 
nating field delivers pul^asjjf power that produce the motor torque; but the 
pulsating power will not-^tar't the motor. The rotor will begirt to turn only 
if the magnetic field rotates. 

Virtually all a.c. mgtors of 1 hp or less are single-phase induction 
motors. They are classified according to the method used to, produce the ro- 
tating magnetic field that starts the motor. 
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SPLIT-PHASE MOTORS 1 

t 

Figure 17a is a diagram of 'a split-phase motor. The schematic diagram 
of this motor is showfi in Figure 17b. The split-phase'motor has twq sets of 



i — 



MAIN WtMOfttQ 



TO UNC 




CENTRIFUGAL 
SWITCH 




Figure 17. Diagram of a Split-Phase Induction Motor. 



stator* coils. The running coils have low resistance and high inductance at 
starting. The starting coi1s*have higher resistance and lower inductance. 
The currents througb^the two coil sets are shown in Figure 18. The starting 
coil current leads the 'running coil m 
current. * Thus, the magnetic field 
rotates from the starting coil poles 
toward the running coil poles, provid- 
ing a typical starting torque of 200% 
of the running ^torque. When 'the motor 
reaches 75-80%^f the synchronous rate, 
the centrifugal starting switch opens 
to break the starting coil current. 
In resistance-start motors, a resistor 

is added in series with the starting coil to produce a greater phase differ- 
♦ 

ence between the two currents. ' 

Split-phase 'motors are the most eeramonly used type, in sizes from T^/SO 
to 1/2 hp. Applications include fans', business machines, and buffing machines. 



VOLTAGE 




l t "STARTING COIL CURRENT 
8 'PHASE DIFFERENCE 
! r *RUNNlNQ COIL CURRENT " 



Figure 18. Currents in a 
Split-Phase Motor: 



CAPACITOR-START MOTORS 

Figure 19 is a schematic diagram of a capacitor-start motor. In this 
motor, a capacitor has been added in series with the Starting coil. The 
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CENTRIFUGAL 
SWITCH 




CAPACITOR 



Figure 19. Capacitor- 
Start, Split-Phase Motor. 



capacitive reactance exceeds the inductive reac- 
tance of the starting coil to produce a current 
through the starting coil that leads the voltage. 
This results in a starting- coil current that is 
almost 90% out of phase with the running coil 
current at low motor speed. The high starting 
torque of a capacitor-start motor makes ij^44^al 
for compressors, vacuum pumps, larger fans, and a 
variety of shpp equipment. 



PERMANENT- CAPACITOR MOTORS 

In permanent-capacitor motors, also called "capacitor-run" motors, the 
starting coil remains in the circuit as ^n auxiliary running coil. This im- 
proves both motor torque and power factor. Capacitor-run motors usually. have 
a second starting capacitor that is connected in parallel with the permanent 
capacitor to provide higher starting torque. This capacitor is removed from 
the circuit by a centrifugal switch after the motor has approached running 
speed. The higher torque, power factor, and efficiency of capacitor-run motors 
results in wide application in powers of 1 to 5 hp. 
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REPULSION- IMPACTION MOTORS 

The rotor bars of the repulsion-induction motor are 1 permanently attached 
to one end ring only. The other end of each bar is, connected to a commutator. 

A pair of shorting brushes connect two bars only 
during starting, as -shown in Figure ^20. The rotor 
begins to turn in the direction that the brushes- 
are displaced from the field pole axis - counter- 
clockwise in Figure 20. When the motor approaches • 
synchronous speed, a centrifugal shorting ring 
closes on the rotor bars to short th$m all together, 
as'in a normal squirrel cage rotor. 

Repulsion-induction motors have torque curves 
similar to those of capacitor-start motors; however," 
they require lower starting currents. They are 




COMMUTATOR 
AND BRUSHES 



Figure 20. Repulsive 
Fields Built Up to Cause 
Motor to Start Rotation. 
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used in the compressors' of refrigerators and in gasoline delivery pumps. 



SHAVEV-POLE MOTORS ' 

A "shaded pol.e" is produced. by wrapping a 
single turn' of heavy copper wire around a p?rt of 
the pole face, as shown in Figure 21. . 

The operatic^ of the shaded-pole motor is 
illustrated in Figure 22. In Figure 22a, the 
current through the field coil is increasing to 
produce an increasing magnetic field. This in- 
crease induces a current in the shading coil, 
producing a magnetic field in opposition to the 
main field and weakening the total field on the 
shaded side of the pole. In Figure- 22b, the 
carrenty^hrough the field coil has reached a 
maximum.. At. this, points there Js_ np_chanjge_ in 
magnetic field, and no current is induced in the 
_^£*eYcf coil . The magnetic* fi^ld is constant 

acfoss the pole face. In Figure 22c, the field 
• coil current is decreasing. The induced current 
' in the field coil opposes the reducing .field to 
make the field stronger on the shaded side of .the pole 




HADED POLES 



Figure 21. Two-Pol eV* 
Shaded-Pole Mjptor.' 



£2. 



— > 

Lftt 



Figure 22. Field on 
Shaded Coil Moving from 
Left to Right. 



This shift in mag- 

netic field strength is sufficient to start the motor if the load is light. 

Shaded-pole motors produce very little starting torque, but they are 
common in small fans, electric 'clocks, and a variety of kitchen appliances. 
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SPEED COHTROL OF SINGLE-PHASE IWPUCTION MOTORS 

Fractional'-horsepower induction motors are often designed to run at more 
than one speed. The most common method of speed change is to-switch the con- 
nections of field coils to change the number of magnetic poles in the stator 
field. 

* ♦ - 

The speed of high-slip motors can be adjusted over a wide range by con- 
trolling the voltage applied^ to the motor ahd, thus,- to the stator current. 
T.he most common method of voltage control is with an autotrans£orm&r with 
multiple taps. 
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The speed of many single-phase induction motors can be controlled by 
means'of the SCR speed^ntroller shown in Figure 23. Changing the setting 
of potertti ome ter R 2 dtenges the voltage at which the SCF^begins to conduct. 
Tbfs controls, tfee? fraction of the cycle of the a.c. wave for which thaJine 
voltage is actually applied to the stator field of the motor. This ty^e. cir- 
cuit is commercially available as a light dimmer control. 




PARTS LIST FOR MOTOR SPEED COKTROL 



c 



R, - VfSii 5W resistor 
R 2 - 5000, 2W potentiometer 
Rj -OOO; 12W resistor* 
R% - 1500. 1/2W resistor " * 
R s - 1000, 1/2* resistor 
C|, C 2 - 100\iF, 25V electrolytic capacitor 
NE - NE2 neon lamp 

heat sink, 1/8 x 24-1/2 In. aluminum 



D|, 0 2 - rectifier. Motorola HEP156 
or RCA SK 3016 
SCR - Motorola HEP302 or RCA SK 3557 
Fi - 3A, slo-blo fuse 
Ji - receptacle, Araphenol 61-F1 
\S U S,- SPST switch 
fuse holder 
a.c. plug, 3 wire 



Figure 23. Schematic and Parts List , for 
SCR Motor Speed Control . * 



UNIl/ERSAL UOTpfe 

Universal motors are series jnotors (see Module EM-05, "D.C. fetors and. - 
Controls") that can be operated with either a.c. or d.c. current. In the 
series motor, the armature (rator) and field coils are connected in series, 
f an a.c. current flows through the motor, the current must be in phase in . N 
both^windings. When the rotor current reverses, the stator current also re- - 
verses, and the two magnetic fields reverse directions in phase. Such a motor 
will operat^ equaTly well on a'..c. or d.c. current. 
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Brush sparking is a serious problem in universal' motors. It is reduced 
by using low inductance windings and by reducing current by placing resistors 
in series with the brushes. 

Jhe speed of universal motors varies greatly with load. Universal motors' 
run at hfgh speed with no load; however, unlike larger d.c. series motors, 
they cannot develop sufficient speed to damage the motor. If the load of a 
universal motor is constant, its speed <can be varied continuously by a vari- 
able resT stbr TrTserTes With tWwtorr; Ttiisr mettrothuf control is used i n 



This methM of^cc 

sewing machines. Multiple speeds in appliances, such as blenders and mixers, 
are achieved, by using multiple stator windings to* change the magnetic field * 
strength. Most vacuum cleaners an& hand-held power tools also- have universal 
motors. 



EXERCISES 



1. / A 36-pole induction motor is operated on 60-Hz a.c. current and has a 



slip speed of 2.5% of synchronous speed. WVtet is the rotational rate 
of the motor? 

An induction motor operated on 115 V a.c. has a~ ro£ationa\_J&te of 1140 
rpm.' What is its sl*ip speed? How, many poles does the motor have? 
A l arge synchronous nfr^tor has a rotor current that g ives maximum motor 



efficiency (PF = 1.0) at full Ibad. What happens to 'the power factor if 
the motor is operated at 1/4 load? 

Identify the cl^s of induction motor that would be best for driving the 
following loads. Explain the,. reason for each choice. 

a. - A crane is u$e 4 d occasionally^) lift heavy loads in a warehouse. 

b. A large Centrifugal blower runs continuously for days §t a time. 
The powej: delivery system does not limit starting current. 

c. An auxiliary blower identical to the one above is used only during 
peak loads. It may start several times in an hour under certain ' # 
conditions. Because it only runs during peak power demands, its 
starting current is limited by the power delivery system. 

Each student should count the number of electric^ motors in his or her 
home and identify the type-of motor most likely used for each application. 
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6. Disassemble several electrical appliances and examine the motors. 

LABORATORY MATERIALS . 



Blender with universal motor, 115 V a.c. 

Small fan with shaded-pole motor, 115 V a.c, 0.9 A maximum 

-3-/4_or-l/-3-hp : -capa c i t o r- s t a rt motar +~ -U&-V- a . c . , with 1 bad- suctuas -a -vacuum 

pump, compressor* or an air-conditioner blower 
Startfng capacitor for motor (see motor ratings) 
Wattmeter, 0-1500 W 
a.c. voltmeter, 6-150 V a.c. 
a.c. ammeter, 0-20 A a.c. 
a.c. ammeter, 0-1 A a.c. 
Heavy-duty connecting wires 

SCR light dimmer, 100 "W, 115 V a.c^, with power cord and recepticle 
Stroboscope ^ ■ 

DPST switch, 20\A, 115 V a.c. . 

LABORATORY PROCEDURES 



CAUTION:- EXPOSED CONDUCTORS IN THIS EXPERIMENT CARRY 115 V A.C. AND 
ARE A SERIOUS SflOCK HAZARD. DO NOT TOUCH ANY WIRES OR TERMINALS WHILE CIR- 
CUITS ARE CONNECTED TO A P0W£R30URCE. 

1 K -Remove the bottom cover'from the blender. Turn it upside down and in- 
spect the motor and motor controls. 

2. Pljug in the blender power cord and operate the motor with the tover re 
moved. Observe commutation and brush sparking at several speeds. 

3. Unplug the blender. 

4. , Disassemble the blender motor. Labdl the location of each wire with a 
\ piece of tape attached to the wire. Sketch the parts of the blender 

. motor in the Data Table. ' / 

5. Reassemble the blender and. check it for proper operation.' 

# * ■> 
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Connect 'the- dimmer switch, small fan motor, and 0-1 A ammeter, as shown 
in Fi.gure'24. • . 

t 

~* o 





IN 


o 


OUT S 


116V AC 




—O) 3 



DIMMER 
CONTROL 



0-1 A 



FAN 
MOTOR 



Figure 24. Experimental Fan Motor Circuit, 

7. Plug in the power coed and use the diritaieY. control to vary fan motor 
speed. 

8. Measure fan speed with the stroboscope at several values of motor cur- t 
rent and record the data in the Data Table. 

9. Unplug the power* cord. 

10. Disassemble the fan and motor. ' Sketch the parts of the fan motor in the 
Data Table, , 

11. Reassemble the motor and fan and check for proper operation.. 
12. , Construct the circuit shown in Figure 25. 



0-20 A A.C 



POWER 
SWITCH 



118V 
AC 




0-1800W RUNNING ^-CO^MMON 

WATTMETER con - ' 



Figure 25. Carpaci tor-Stact Motor Circuit- 

13. Plug in the power cord. With the motor load connected, close the power 
switch atfd observe the vol tmeter % and ammeter during motor starting. De- 
scribe their variations in- the Data-Table. 

14. Record voltage, Current, and power in the Data Table. x 

15. Measure motor speed with the stroboscope and record in the Data Table. 

16. Turn off the power switch and disconnect the power cord. 

17. Perform the necessary calculations and complete the section of the Data 
Table entitled- "Running with Load." ~ <s * , 
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18. Disconnect the motor from its mechanical load and repeat Steps 13 'through 
17 for no load, * 

19. Disassemble the motor and sketch its parts in^the Data Table. 

20. Reassemble* the motor, reconnect it to its load, and check- for proper , 
operation.. v 



DATA TABLE 



% 1 



DATA TABLE. 



BLENDER MOTOR 
Motor type 



Sketches of motor parts: 
Stator 



Rotor 



Commutator and brushes 



II. FAN MOTOR 
Motor type 



Current 
.(A) 


Speed 
(rpm) 













































Sketches of motor parts; 
Stator 



Rotor 
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Data Table. Continued. 



III. 



CAPACITOR-START MOTOR 
A. Starting with load: 

Describe current and voltage variations during starting 

with load. 



B. Running with load": 
' Voltage: V L = 



Current: I 



L 



V 
A 



Trae Power: Pj - 

Apparent Power:, P^ - V^I^ = 



Power Factor: 



PF ■= — 
PA 



Synchronous Speed: S $ y n - 

Operating Speed: S Q = 

Slip Speed: S s = % 



rpm 



rpm 



C. 



Starting with no load: 

Describe cu'rrent and voltage variations during starting 
with no load. 



D. Running with no load: 
Voltage: V N = 



Current 
True Power 



h - 



v 

A 



P T = 



Apparent Power: P^ - 

Power Factor: PF = 

Synchronous Speed: S syn 
Operating Speed: Sq' = J_ 
Slip Speed: S- = . 



rpm 



rpm 
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Data Table. Continued, 



• • 

E, sSketch the motor parts*: 






Stator ' ' 






Rotor 
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INTRODUCTION 



* ... 
4 Synchromechanisms are electromechanical devices used toposition two 

shafts in the same angular position, to rotate two shafts in synchronization, 
and to -produce a rotation of a controlled shaft that is the sum or' di fference 
of the rotation of two controlling shafts. ' Synchromechanisms serve the same 
-function as ^ear drains but accomplish synchronization through the transmis- 
sion of electrical signals -rather than mechanical signals. 

A synchro transmitter operates as a generator, converting mechanical in- 
put energy to electrical output energy. A synchro receiver operates as an 
electric motor and converts electrical energy to mechanical energy. A synchro 
transformer converts the electrical signal from a synchro transmitter into an 
electrical error signal that is used by 'a control circuit for positioning a 
shaft. , 

This module discusses the construction, operation, and application of 
the majoY types of synchromechani §ms.* In the laboratory, the student wi-11 
.construct- a variety of self-synchronous control circuits. ^ 



PREREQUISITES 



The student should have completed Module EM-0& of "Electromechanical 
Devices." *«""" V " 



4 
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2. 
3. 



OBJECTIVES 



Upon completion, of this module, the student should be 1 able to: 

Draw and label a diagram showing the windings and connections of a synchro 

transmitter stator. 

Draw and label a diagram of a synchro transmitter rotor. 
Draw and label a- diagram of the RMS values' of the'a.c. voltages on the 
three stator coils of a synchro transmitter as the rotor is turned through 
a complete revolution. 

Explain the difference- in construction of the rotors of synchro transmit- 
ters and receivers,' "and state the reason for that difference. 
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5. * Given a diagram of a synchfo trartsmitter-receiver pair showing the mag- 

netic polarity of the transmitter rotor at one time, determine the mag- 
netic polarity of the other coils at the fame time. 

6. Explain, with the use of diagrams, two methods of determining the elec- 
trical zero of a synchro, transmitter or receiver. 

7. Draw schematic diagrams of synchro transnji tter-recei,ver pairs connected 
for the following directions of rotation: 

a. ^Transmitter afttfTeceiver shafts rotate in the same direction. 
~b7 Tran smixterand rfc^\^Tfiafts Totate'Tn "opposite di recti ons . 

8. Draw and label a schematic diagram of a differential synchro transmitter 
showing all field and stator coils. * 

9. Draw and label simple diagrams of synchro systems with a transmitter, 
a differential transmitter, and a receiver connected to aclieve the 
following: * 

a. Output rotation is the difference^ the input rotation angles. 

b. Output-rotation is the sum =of the input rotation angles*. 

10. Given a schematic of a system employing a differential synchro trans- 
mitter and the rotational rates and directioos of the input shafts, 
determine the rotational rate and direction of the output shaft. <q 

11. Draw and label a simple diagram of a synchro control transformer in an 
angular alignment system and explain how the system functions. 

12. List the seven most common classes of synchromechanisms a^id the letter 
code for each. 

13. Given the appropriate-equipment, construct synchro control circuits in 
the laboratory and evaluate their performance. 
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SUBJECT MATTER 



THE SYNCHRO TRANSMITTER 



The synchro transmitter is a generator that converts mechanical- input 
energy into electrical output energy. Figure 1- shows the stator windings 6f 




SUP RINGS 

-O 




A.C. SOURCE 



ROTOR CORE 



Figure 1. Windings and Connections of 
t a Synchro Transmitter Stator. 

a' synchro transmitter. The stator contains three coils of wire that' are 
located 120° apart around the stator and connected as shown with three exter- 
na] leads. *^ 

Figure*2 shows the rotor of the 
synchro transmitter. It consists of a 
si ngl e^^ol 1 of wire wound around a rotor 
,core with two salient poles. The coil 
is connected to an external a.c. current 
source through two continuous slip rings. 
Figure 3 i s a cutaway 
view of an assembled , brushes 
synchro transmitter. 

Two schematic rep- 
resentations of syncrho 
transmitters are shown 
in Figure 4. The dia- 
gram in Figure 4a is 
useful in describing 

the operation of a Figure 3. Cutaway View of a Synchro Transmitter. 



Figure 2. Synchro 
Transmitter Rotor. 



STATOR WINDING 



ROTOR W1NOINQ 




1G0 
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TX* TORQUE TRANSMITTER 




" b. 

Figure 4? Schematic Representation 
of a Synchro Transmitter. 

synchro; that in Figure 4b is more useful in synchro circuit design. 

Figure 5 shows a synchro transmitter connected to an a,c, current source. 
The a.c, current flows through the rotor coil and induces a voltage in the 
three stator coils, ui this figure, the maximum voltage is induced in stator 
coil 2 because the rotor coil is aligned with that stator coil. Lower vol t- 
( ages are induced in cbils 1 and 3 because they are each 60° out of alignment * 
with the rotor coil. . % 





Figure 5. Power Source Connected to a 
Synchro Transmitter. 



-If the rotor is rotated by mechanical means to, the position shown in 
Figure 6, the voltage induced in coil 2 drops to zfero because the rotor coil 
i's now perpendicular to that stator coil'. Continuing tlje rotation through... 
\another 90° will align the rotor with coil 2 again, but the polarity will be 
ofyx)sjte -of that in Figure 5. ' ' 

Tigure 7 sfoows the voltage induced** in coil 2 as a function of v rotor angle. 
Vertical displacement represents the RMS value of the induced voltage. A 
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Figure 6. Clockwise 
Rotation of the Rotor. 



Figure 7. One Cycle 
of S 2 Voltage. 



negative value of indicates t^f the -polarity of the induced voltage in 
coil 2 is opposite that induced fif Figure 5. Figure 8 is a similar diagram 
showing the'induced voltages in all tftree m 
coils. The three waves -do not represent * 
a three-phase voltage — fhey^ndicate the 
magnitude and polarity of the single-phase 
a.c. voltages induced in each of the three 
stator coils as the rotor is turned. 

. The. coil' voltages -cannot be measured 
directly with a voltmeter because 'only 
one end of ea ; ch coil is connected to an 
external terminal. '-Thus, the voltage 
across any HWo output terminals is the sum of the voltages in two colls f 

Individual coil voltages can be measured using the ^jfeuit shown in Fig 
ure 9. The three resistors are-all the same size (typically about 5000fi to 



•€rm» 




Figure 8. Jnduced Stator 
Voltages as Functions of 
Angle of Rotation. 




Figure 9. A Loaded Synchro. 



EM-07/Page 5 



182 



limit current), T|ie voltage across any one of the resistors can be measured 

o 

with a voltmeter and is equal to the voltage of the corresponding coil. 

The maximum voltage produced by a stator coil depends on the voltage 
applied to the rotor and the turns ratio of the two coils. One of the most 
common values of turns ratio Is a 2.2:1 step-down ratio -between the rotor and 
stator. With 115 V a.c. applied to the rotor, such a synchro transmitter will 
have a maximum stator coil voltage of 52 V a, c. 

The elect(rical zero of a synchro transmitter is the rotor position in 
which the vol ta^TDetweerTT^ 



phase with the voltage on rotor terminal R l# Two methods of locatiraf the elec- 
trical zero of a synchro are shown in Figure 10. In Figure 10a, terminals Si, 
Sa, and R 2 are connected togethety^nd terminals S2 and Ri are connected to- 
gether. Applying an a.c. vpltatje across the rotor will cause it to line up* 
as' shown at electrical zero. The full rotor voltage should not be applied 
when' using this method, as it could produce currents 1 that will damage the 
-stator coils. 





Figure 10. Two Methods of 'Determining 
Electrical Zero. 

< . 

> Figure 10b illustrates the voltmeter method of determining electrical 

zero. The' rotor is in the electrical zero position whe r n Vy~is~zera aVd V 2 is~ 

less than the lane voltage. 

t These samewethods of locating the electrical zero can also be used for 

the synchro' recei v5r~drs<^jssed in the following section. 
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The synchro receiver isXmojtor that converts the electrical enetgy ou 
put from a synchro transmittej^Wck into mechanical energy. Figure ll_shews 
the rotor of a synchro ve^eiver/ The only difference in the synchro trans- 
mitter and the synchro (receiver is the inertia damper on the receiver rotor 




VCHRO RECEIVER 



%ALL 

BEARING 



INERTIA 
DAMPER 



B0BBIN*SHAPE1 
CORE 



Figure 11. Rotor of Synchro Receiver, 



The inertia damper is a weighted wheel; its large moment of jinertfa. prevents 
abrupt changes in rotor position or speed, there^qre reducing the tendency of 
tl)e synchro receiver to oscillate. 
' . The ^lectrical symbols of the receiver are the sflwje as those of- the trans- 
mitter*, figure 12 ahows a synchro transmitter and receiver in a sel*j*synchro- 
hdus""contro1 system. " "T^nr^tcjrs of the two ctrr connected to ttfe -same power 
source. Like coils of each synchro are connected together. The same circuit 
is shown another way in Figure 13. 




Figure 12. A Synchro* Pair. 
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Figure*13. Transmitter-Receiver Pair.. t 

o Figure 12*also shows, the polarity of the .magnetic, field oJ each coil at 
one instant of a the applied a.c. voltage The upper end of each rotor coil is ' 
a south ; pole. Irr the transmitter, the rotor field induces currents in the - . 
stator 5 coils' that produce fields opposing the rotor field.' These same cur- 
brents, flow through the receiver coils to produce the magnetic polarities shown. 
The rotor of the receiver lines up with the stator field of the, receiver. 
Both synchros are "shown in the electrical zero position in - Figure 12. .The ' 
polarity 'of each coil 'reverses at the frequency of the applied voltage, .but 
since ~all polarities reverse at the same time, the receiver; rotor is held in 
place. 0 , 1 

In Figure 14, the transmitter rotor has been rotated through an angle of 
30°. This increases the current through S 3> decreases the current through S 2 , 




Figure 14. Magnetic Polarities, ; 

and reduces the Sj current to zero, Si-nce ,thet same currents flow through the 
receiver stator coils, : the magnetic 'fi el d of the' receiver stator alsa rotates 
by 30°. The receiver rotor turns "to 'align its field with the stator field. 
Alignment f ts never perfect bfecause of frictioh in the motor bearings, but in 
most systems the receiver angle will be within 'one degree of- the transmitter 
angle. In a system in which both shafts rotate continuously, the torque ap- 
plied to the transmitter rotor is changed to electrical currents, that produce 
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"torque in the receiver rotor. Since torque is produced in the receiver only 
when its rotor field lags behind its stator field, the receiver shaft position 
lags behind the transmitter .shaft position by about 3° in .continuously rotat- 
ing torque transmitters. / * 

If the rotor leads of one of the synchros are reversed, as shown in Fig- 
ure 15, the receiver rotor will be 180° out of phase with the transmitter ■ 
rotor., 



n 2 o 




\»1 


*7 


)** 


— & 


s 3 





Figure 15. Rotor Leads Reversed?-** 

If two of the stator connections are reversed, as shown in Figure 16* " 
the receiver rotor will rotate sin the opposite direction from'the transmitter 
rotor. < *' 




^* . „ Figure 16". ^Stator -Connections 'for 

Rotation in 'Opposite Directions. 

DIFFERENTIAL SVHCHM TRANSMITTERS ANfl RECEIl/ERS 

Dtfferential synchro transmitters (generators) and receivers (motors) 
are used with, other synchro devices to produce an output shaft rotation that 
is the sum. oY- difference of the angular* rotations of two, input shafts. The 
.stator of the differential synchro is the same as for those already discussed. 
The differential' synchro,, rotor contains three coils (and, thus, three pole 
pairs) connected as "shown In, Figure 17a. It can be represented schematically 

* • 
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Figure- 17. The Synchro Differential. 

0 . 

by the diagram in Figure *17b. The rotor of such a differential synchro trans- 
mitter is shown in Figure 18. The rotor of the receiver differs only in the 
addition of an inertia damper. 



COMMON CONNECTION 




*1«2*3 SUP RINGS 

Figure 18. The Differential Rotor. 



Figure 19a shows a N control circuit employing a> differential transmitter. 
Tfye. magnetic polarities of the S 2 stator coils and rotor coils at one instant 
of time are also shown. Figure 19b is a more convenient way to draw the same 
circuit. The action of this,oircuit is" given by Equation 1. 

K Y = a - 6 Equation 1 

. > • 

wh^re: y 88 Angle of rotatiofn of output shaft of synchro receiver (TR). 
*. a \ Angle of notation of input shaft of synchro transmitter (TX). 

S = Angle of rotation of input shaft of differential transmitter (TDX) 

In this equation, positive angles, represent clockwise rotation. The use 
of this equation is illuatrated by the data in Table- 1. 
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Figure 19., Control Circuit Employing 
Differential Transmitter. . 



TABLE 1. INPUT AND OUTPUT ANGLES OF A DIFFERENTIAL SYNCHRO SYSTEM 
CONNECTED FOR ANGULAR SUBTRACTION (Angles in Degrees). 



Input Angles 




Output Angle 


, a (TX) „ . 


' . B (TDX) 


Y (TR) 


45 




45 * 


0 


45 




•• 0 . • , 


45 


0 


i 


45 


-45 (CCW) 


45 




-45 (CCW) ' 


90 


-45 (CCW) 




-.45 


-90 (CCW) ■ 



If the system in Figure 19 is^operated on a continuous basis, the rota- 
tional rates of the shafts have *the 'same relationship as those for the angles 
given in Equation 1. The rotational rate of the output shaft is the differ- 
ence'™ the rates of the input shafts' wi th'c-lockwise rotation defined as posi 
tive.. Example* A illustrates the use of Equation 1, in solving^ problem. . 
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EXAMPLE A: OUTPUT SPEED OF DIFFERENTIAL SYNCHRO CIRCUIT. 



Given: 



Find: 
Solution: 



In the synchro circuit' in *Figjwrel9, the input rotational rates 
of the transmitter and the differential transmitter are as fol- 
lows: 

a =1075 rpm clockwise {+) 
B = 650 rpm counterclockwise (-) 
The rotational rate and direction of the receiver shaft (y). 

Y = a - B (Equation f) 
= (1075 rpm) - (-650 rpm) 
= 1725 rpm 

Y = 1725 rpm clockwise 4 



n 



Figure 20 shows the 'same components connected to produce angular addition 
instead of angular subtraction. In this case, the output angle is given by ^ 
Equation 2. 




"$3 S3 v y S3 
Figure 20, Circuit for Addition of .Shaft Angles. 



Y ■ a + B 

This equation leads;- to the data in Table 2. 



Equation 2 



TABLE 2. ' INPUT AND OUTPUT ANGLES OF A DIFFERENTIAL SYNCHRO SYSTEM 
CONNECTED FOR ANGULAR ADDITION (Angles in Degrees). 





Input Angles 


</ 


- Output Angle 


ct'(TX) 


. . 3 (TDX) 


• Y (TR) • , 


45 • 




45- - 






90 


45 




0 






45 ' . 


1 0 


✓ 


. 45 






45 


45 




-45 






~~ 0 


-45 




45 






0 
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Differential .synchro receivers '(motors) are usect i*n the same circujts 
as those in Figures 19 and 20, A differential receiver accepts input signals 
from two synchro transmitters. The same equations apply, except that a and y 
are'input angles and 6 is the output angle, this is illustrated in Example B, 



EXAMPLE B: DIFFERENTIAL SYNCHRO RECEIVER SPEED. 



Given: ' Two synchro transmitters and a differential synchro receiver are 
connected as in Figure 20, The input rotational rates of the 
transmitter shafts are as follows: 
a = 200 rpm clockwise (+) 
6 = 350 rpm counrerclockwi se (-) 
Find: The rotational rate of the output shaft of the differential 

receiver (8) . 
Solution: y = a + 6 (Equation 2)^ 

6 = Y - a _ 
= -350 rpm - 200 rpm « 

« 

= -550 rpm 

3 = 550 rpm counterclockwise (-) 
— ^ \ 



THE SYNCHRO CONTROL TRANSFORMER' 

A synchro control transformer is a device used to produce an error volt- 
age that is used by an external circuit to operate angular positioning motors. 
Schematically, a synchro control transformer looks exactTy like a synchro 
transmitter or receiver, and its construction is .also similar. 

Figure 21 shows a synchro control transformer . in an angular control cir- 
cuit. The rotor of the control transformer is connected to the mechanical 



MECHANICAL LOAO 



POSITIONING MOTOR 



cx c Ontro l than setter 

CT CONTROL TRANSFORMER 



118V AC 




CM^T-O 













CONTROL 
CIRCUIT 


Rj 





Figure 21. Synchro Control Transformer in a Control* Circuit. 
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load. The angular position of the load is controlled by the angular position 
of the control transmitter (CX). r 

If the rotors of the two synchro mechanisms are in'the positions shown 
in Figure 22, the output error voltage is zero and the control circuit sup- 
plies no voltage to the positioning motor. If the transmitter rotor is ro- 
tated through some angle, an error voltage is produced on the output terminals 



of the control transformer. The- control circuit senses- this voltage .and turns 




Figure 22. Transmitter-Control Transformer Pair. 



on the positioning mo to r m to rotate_ihe mechanical load. The direction of the 
turning motor is determined by the polarity. of the error signal. Since the 
rotor of the control transformer is connected to the load, it rotates also. 
When the control transformer rotor is once again perpendicular to the trans- 
mitter rotor, the error voltage is zero, and the control circuit turns off 
the positioning motor. 

* CLASSIFICATION OF SMCHR0MECHAA/ISMS 
Synchromechani sms are classified according .to whether tftey have torque 

4 

or control capabilities, A -torque synchro is used to deliver a torque to a 
mechanical load. A control synchro will transmit control signals only; it 
can drive an indicator, but-not a load. Synchros are classified according to 
'the following letter codes: 

GX A control transmitter 
TX/— torque transmitter ' 
TR - torque receiver 
u - control transformer 
CDX — control differential transmitter 
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• TDX - torque differential transmitter 

• TDR - torque differential receiver 

Synchros built to military specifications have additional information 
indicating size and frequency. Fd^example, 23TX4 indicates a torque trans- 



iter \ 



mitter that is 23 inches in diameter and operates on 400 Hz. Synchros usually 
operate on 400 Hz or 60 Hz. A f vp^Tl digit of 6 indicates a 4 60 Hz synchro,. ;* 

APPLICATIONS OF SVhlCHROMECHANJSMS ^ 

Synchro transmitter-receiver pairs and differential synchro systems are 
widely used for the synchronization and control of rotating shafts in indus- 
trial processes. Areas of application include paper mills, textile mills, 
steel mills, and many other si tuations' in which .shafts must rotate at, syn- 
chronous or differential speed but are physically too far apart for mechanical 
linkages to be practical. 

Th£ synchro contwl-^tra^s former is widely used for angular positioning 
of, antennas, telescopes, gun mounts, and other pointing devices.. 



EXERCISES 



1. Two shafts rotate in a clockwise direction with rates of 600 rpm and 

. 9G0 rpm. A third shaft is to rotate clockwise with a rate of 300 rpm. 
Draw a synchro circuit using a TX,. a TDX, and a TR that wilt accomplish 
this. Indicate the rotational rate and direction of each shaft on the 
diagram. - 

2. Draw a schematic diagram of a synchro transmitter-receiver pair in which 
a clockwise rotation of the transmitter rotor produces a counterclockwise 
rotation of the receiver rotor. 

3. Two shafts rotate in a clockwise direction with rates of a = 600 rpm and 
6 = 900" rpm. A third/thaft is to be driven- at 300 rpm in the counter- 
clockwise direction.' Draw a synchro circuit to accomplish this, using 

a TX, a -TDX, and a TR. Indicate the rotational rate and direction of 
each shaft on* the diagram. K * 

4. ,Wha>-happens in a control circuit employinga synchro control transformer 
i^ the rotor connections of the transformer are reversed? 
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5. * Explain why the receiver" rotor shaft will lag behind the transmitter, 

rotor shaft by $s much as 3° when a synchro transmitter-receiver pair 
is. used for torque 'transmission. ' * , 

6. Which of .the seven types of synchroftechani sms is never connected directly 
to an a.c. power line? 

; • 

' LABORATORY MATERIALS 

Variable transformer, 0-130 V a.c. 

Synchro transmitter type 23TX6 or equivalent with mount 

Synchro receiver type 23TR6 or equivalent with mount 

Synchro differential transmitter type 23CDX6 or equivalent with moi/lft 

VOM ' ' ' * 

Three 360° disk dials to fit synchro rotor shafts 
Connecting wires 

. LABORATORY PROCEDURES 

1. Construct the circuit shown in Figure 23, using the synchro transmitter 

(23TX6), 




0 



Figure 23. Electrical Zero Experimental 
Circuit by Jumper Method. 

« * 
2. Set the autotransformer voltage to 60 V. The synchro rotor will move to 

the electrical zero position. Set the shaft indicator dial to 0°. 
Page 16/EM-07 



3. Repeat Ste/s 1 and 2, usMng the synchro receiver (23TR6). Both dials 
should remain set to read 0° at the electrical zero position throughout 
the laboratory. 

4. Using the circuit shown in Figure 24, .check the electrical zero of both 
synchros. 




Figure 24. Electrical Zero Experimental 
Circuit by Voltmeter Method. 

Construct the .circuit shown in Figur§ 25. Set the synchro transmitter 
for 0 b . Record the angular positions of the output shaft in Section 1 
of the Data Table (direct stator connection).. 




\ 31 






32/ 


7*3 






Figure 25. First Experimental Circuit. 

6; " Rotate the input shaft to the other angles indicated in'the Data Table" 
1 / and record the angle of the output shaft for each. 

7. ! Disconnect the 'power from the experimental circuit and rewire it as shgwn 
in Figure 26.. J ' 
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Rlgure 26/ Second Experimental Circuit. 

8. Reffeat # Step 6 for this circuit, ^ recording the output shaft. angle in the 
"rePfrsed stator connection" column of the Data Table-. 

9. Construct the circuit shown in Figure 27. 




Figure 27. Third Experimental Circuit. 

10. $et the transmitter "for electrical zero (0°). The electrical 'zero, of* 
the differential transmitter (CDX-) is its rotor position that produces ^ 

;a receiver .(TR) angle of 0° when the transmitter \lX) is at 0°. Set CDX 
to the electrical zero and set its dial indicator to 0°. 

11. Set the input shafts to the angular positions iiHricated in Section 2 of 
the Data Table $nd record the output angle for each combination-. 

12. Disconnect the power from the experimental circuit and rewire it as-sh 
in -Figure 28. 
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Figure 28. Fourth Experimental G4rclnt. 
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13. Repeat Step 11, recording data in Section 3 of the Data Table. 

14. Refer* to Exercise .3. Construct the circuit required in this exercise 
and record data on ttris circuit in Section 4 of the Data Table. 

15/ ' Evaluate the data in Section 4 to determine if the schematic drawnlHn 

Exercise 3 produces the desired*results. Explain all findings. 

_> 

DATA TABLE 



DATA TABLE. 



SECTION 1. SYNCHRO TRANSMITTER-RECEIVER PAIR 
(First and Second Experimental Circuits. 



Input Shaft (TX) 
Angl e 
In Degrees 


Output Shaft Angle. (TR) In Degrees 


Direct Stator 
Connection 


'Reversed Stator 
Connection 


0 






45 






90 






1 -135 







180 1 






225 






270 






^ 315 J 




\ 


360 







{Third Experimental Circuit). 



Input Angles in Degrees 



--o 



6 1 



Output Angle (y) In Degrees 



45 ' 



45 



45 



45 



-45 J 



-45 



45 



90 



180 



-90 



.180 



90 



-180 



•90 



■180 
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Da^a Table. Continued. 



SECTION 3. ANGUL AR/DDI T PDR 1 WITH DIFFERENTIAL SYNCHRO 
(Foui^tti Experimental Circuit). 



Input AngTes In Degrees 


Output Angle'(y) In Degrees ' 


a 8 


0 


45 . 




45 


45 


, 1 


45 


*-45. 




-45 


45 


4) 


. 90 , 


180, 




-90 


180 




90 


-180 




-90 


-180 




SECTION 4. FIFTH EXPERIMENTAL CIRCUIT 
\ (See Exercise 3) . 


Input Angles In Degrees 


Output Angle (y) Ih Degrees * 

'— ! — — 


a . $ 


0 


AS 




45- 


. 45 




45~ 


-45 




-45 


45 




90 


180. 




-90 


180 




90 


-180 f~ 




-90 ^ 


-180 





i 
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